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The motional equations of a polar relay have been developed from the appropriate as- 
sumptions, and the coefficients of these equations have been determined from the measure- 
ment of the constants of resonant frequency, stability factor, force factor, inductance, etc. 
by applying the same method as that used for electroacoustic transducers. The performance; 
for example, the operating time of the relay, agrees well with the values calculated from 


the theoretical equations. 


Intreduction 


In a paper published in 1958, the funda- 
mental motional equations of ordinary relays 
were derived from Lagrange-Maxwell’s equ- 
ation, and several coefficients of the equations 
were expressed by such measurable constants 
as stability factor, force factor at the point 
of neutrally balance, resonant frequency of the 
vibrating member, the time constant of the 
circuit and etc. The experimental data for 
these ordinary relays agreed fairly well with 
the calculated values. 

In the present research, polar relays were 
analyzed and satisfactory results were obtain- 
ed, even though the analyses were made for 
the conditions that the magnetic pull was 
linear and the effects of eddy current were 
negligible. 


1. Motional Equations 


Fig. 1 shows a model of the structure of a 
polar relay, and Fig. 2 its equivalent circuits. 


+ Station Apparatus Research Section. 


Fig. 2 (b) is the simplified version of Fig. 2 (a), 
and the main gap fluxes of these two 
circuits are equal. The fundamental motional 
equations are obtained from Fig. 2 (b) by the 


application of Lagrange-Maxwell’s equation. 
That is: 
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Fig. 1—Model structure of polar relay. 
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(a) 


R: d.c. resistance of circuit 
(L;)o: inductance related to main gap flux 
only 
Wy: angular resonant frequency 
E: applied voltage 
r: damping resistance 
s: effective stiffness 
m: effective mass. 


(b) 


Even though the motional characteristics of 
the armature are obtained from Equations 
ro: Equivalent reluctance of the permanent magnet. (1) and (2), a precise analysis is so difficult 
r;: Equivalent reluctance of the armature. that it is better to develop these equations 


ry: Eqnivalent reluctance of the yoke. by w or @ series as follaw 
rs. Equivalent leakage reluctance. ; 


Xq: Main gap length. 00 ne: 
x: Travel (newtral point=0). p= SAE 
a: Effective pole face area. n=0 n=0 
U)’: Equivalent m.m.f. of the permanent magnet. a 
A4zNI’: m.m.f. of the operating coil. where p=du/do. 
A=,  Uys= au) Ce sing? When these expressions are substituted into 
Bah 2 ata Equations (1) and (2), 
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Fig. 2—Equivalent circuit. 
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where Equations (7) are effective only when 


G< 1. 
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2. Relations between Constants 


The constants of the magnetic circuit of 
relay are determined by the following pro- 
cedure. At first, the expressions of force 
factor ® stability factor # and inductance L 
at the neutral point (where u=0) are: 


CE \o= : ed 
AQ Hi t+ Ry) +29 


8xN2a _ 4nN? 


as or cle se ; ® 
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~ {A (20, +R) + xp} ey 
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where 42NIn<U,) 


(10) 


and suffix 0 means the neutral point, while 
In means the small A.C. current used at the 
time of measurement. 

The inductance actually measured is: 


4nN? AnN? 
Lo= a 
(Lo)o 73(%2+X,/a) Re’ ce 
273+n+X,/a 


Secondary, each constant of the magnetic 
circuit is arranged as follows: 


1 il 21K XG 
= yaG2 
Dy?) 8xN?s (m+ N+P "enn 2as ae 


The relation between 1/®)?4) and X, is 
linear, and the effective pole face area “a” 
can be computed if the values of “s’ and 
“N” are known. (See Fig.3) In the same 


way, from Equations (9) and (10) 


82Ns  arorr 8xNs 
Up +27 Uo 


Ce Dee ae) 


Therefore the effective m.m.f. of the perma- 
nent magnet Uy is obtained from the slope 
of Fig. 4. The following function can be 
obtained from the intercept of the same graph. 
(See Fig. 4) 
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miigies 2 (14) 
Wy t2K% 


By measuring (Lo)o 


13(%2+Xq/a) : 
273+%+X,/a 


V=7+ 


Then if X,, is the central reference value of 
X,, and %/(X,y.) the corresponding value of 
of 8’(X,), the expression Rt’ (X,) —R/(Xoc) may 
be rewritten in the following form: (See 
Fig. 5) 


Deeg Xee A(2r3+ 12+ Xge/Q) (273 +72) 
HX) —R/CX Ge) > 273" 


a eres eke Mp (15) 
Dae 

From the ratio of the slope of this graph to 

the intercept, the next value is obtained. 


V2 +273 (16) 


and the second term which indicates the slope 
in the right side of Equation (15) is: (See 
Fig. 6) 


_ 2ha+h fe Xge 
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From the slope of Equation (17) the value of 
r3 is determined. In the same way, by using 
the reciprocals p’(X,) and ie instead of 
SCX and Xo) 


Xoe—Xo 


From the slope of Equation (19) the follow- 
ing values is obtained: 


Waiaws: f (20) 
13 


Thus the values of 7, 71, 72, 73, Uo, and 
“a” are obtained from Equations (12) (13), 
(14), (16), (17), and (20). 


3. Experimental Method 
i) Measurement of effective mass “m,” 
effective stiffness “‘s” and resonant frequency 
“f,.” These constants are obtained from the 
change of resonant frequency, which is ob- 
tained by the additional mass method. (See 


Fig. 8) 


an ae (21) 


af Ss 


where 
Wy’: resonant angular frequency 


m': additional mass. 


ii) Measurement of stability factor 4) (See 
Fig. 9) 

From the change of resonant frequency, 
stability factor 4) can be obtained. 


Res | 
Oh a 


ili) Measurement of force factor ®). (See 
Fig. 9) 
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The slope of Equation (18) is expressed as 
follows: (See Fig. 7) 


— n+r) {n(2r+72) +7} (+7)? 
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Fores ctor Dire can Tes obtained from ihe 


measurement of the motional impedance circle. 
That is; 


D=03 / 77 (23) 


v' =2nm(h,—f,) (24) 
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Fig. 4— Relations between X, and @Qofo. Fig. 7—Relations between Xy- and yo. 


K gc small 


ca Ny 


Fig. 5—Relations between X, and Fig. 8—Measurement of s and m. 
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Oy= J2am(h—-fyD (25) 
where 
D: diamater of motional impedance circle 
r’: electromagnetic damping resistance. 


Fig. 9—Motional impedance circle. 


And the efficiency of the magnetic circuit 
is expressed by the next equation. 


e (L1)o Bs [oP ; 
(Lo)o S(Lo)o 


(26) 


iy 


Results 


The actual measurements were carried out 
for 450 types of polar relays. Fig. 10 shows 
the results of the additional mass method. 
The measurements were made under the 
conditions where only an armature and a 
discriminator were applied. At present time 
N=10', therefore, 


A= 151 C/s 


m=(0 62g d eee 
s=5 57X10" 
= : 1 


600 —400 —200 0 200. 400 
Mass (mg ) 


Fig. 10—Measurement values of the 
armature constant. 


s=5.57X10° dyne/cm, m=0.62 gr. 

Fig. 11 shows an example of the measured 
values of inductance. Fig.12 and 13 show, 
respectively, examples of; motional impedance 
circles. -In Figs. 14, 15, and 16 force factor, 
stability factor and electromagnetic damping 
are illustrated. Fig. 17 shows the experimental 
result of Equation (12), and from its slope; 


a—=0:213' ems 


In the same way, the following results are 
obtained by the examination of Figs. 18-22. 
(See Table 1) 

Fig. 23 shows the efficiency of the magnetic 
circuit. 

Figs. 24, 25, and 26 are the results of 
measurements of the operating time of the 
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Fig. 11—Measurement values of in- 
ductance (at 1000 c/s). 
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Fig. 14—Measurement values of the 


83 87 
75 a ee 
708 Se 
60,7 ots N 
30 wa ae 093 
— = | is R 
/ 5,000 EO 
if 
f | %4=0.09¢m es a 
1 | 0=13,4000 Vi 
lee b95 
| f=91.5 Cs Lo 
| f-=1050 ¢/s 
\ Pee eine ~ 26 
" $= 2.65 X NONE. oOo, an <s i 
oe} ee 172 oe ; 
\ / Pe 
\ Z 
N f wh 
\ 
N ae 98 
ef,™~ 7 
105 710>~we _-7'99 
te Se 
es 100 
Fig. 12—Example of the motional 
impedance circle (1). 
j 
16. ae 138 
bose “ See ts 
ye 791385 
1307 ~ 
Te jh S 
ie / < 
/ te \0139 
ee 5,000 7 10,0009 ee: 
xy Xo =0.15¢m / ‘ 
[> 15 1000. y \ 
| ito = 140.0c/s ree / i 
| f, =138.4¢/s Sx a 
| f.=141.5c/s KO 0139.5 
\ r =12.1dyne/keine Me ! 
\ | ¢,=1.35X10’L 15°dyne/abamp | 
‘ jf Jes 
143 
ik 7140.0 
\ i, 
Ne He 
142° Ke 
~ “eo 
aS wa A038 


-4 
gee 1405 
IANS} 141.0 1408 


force factor. 


Fig. 13—Example of the motional 
impedance circle (2). 
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Stability Factor (4) 
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Fig. 15—Measurement values of the 
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Fig. 17—Relations between Xz, and 1/®)?/. 
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Fig. 18—Relations between X, and Do. 
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Fig. 20—Relations between X,¢ and 4. 
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ee | a (cm?) | U,/40 (A) | U,'/4x (A) | 7 (cm) r; (cm™’) r, (cm~') | rs (cm“) 
et | 
Result | (0), As} | 18.6 | ZAL2T | 0. 123 | 0. 344 | 0. 204 | 0. 123 
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Fig. 23—Efficiency of the magnetic circuit. 
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Fig. 26—Relations between gap length 
and operating time. 
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Fig. 24—Relations between current 
and operating time- 
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Fig. 25—Relations between § and 
Operating time. 
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relays, and the calculated values are obtained 
from Equation (6), though 4) is omitted here. 

Fig.27 shows the change of resonant 
frequency, and Figs. 28-31 are photographs 
showing coil current. 


oot —3151¢/s 
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(Ss) 
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iSured values 


4 = 


Ox: O2 
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Fig. 27—Relations between main gap length 
and resonant frequency. 


182 I;=1.4mA 


Fig. 28—Coil current example 1. 


Conclusion 


The method presented in this paper is also 
useful in the analysis of the operation of 
ordinary relays. 

The measured operating and release time 
agree with the calculated values. It is con- 
cluded that force factor and stability factor, 
which have not been taken into consideration 
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E=4V I;=2.8mA 


Fig. 29—Coil current example 2. 
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Fig. 30—Coil current example 3. 


lms /cm 


= NAN 1;=10 mA 
Fig. 31—Coil current example 4. 


in general analysis of relay operation, should 
be considered. 
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Dielectric-Coated Waveguide Construction 


and Characteristics’ 


Kenichi NODA and Kazuo YAMAGUCHI*+ 


Techniques for applying linings to protect tubes, vessels etc. against chemical agents have 
been modified so as to be suitable for coating the inner surfaces of waveguides with poly- 


ethylene. 


In addition, a new technique, the tube bonding method, has been developed. At present, 
use of this technique gives the best surface smoothness and also the best thickness uniformity. 
The attenuation constant of waveguides made by this method increases approximately 
20% at 50 Gigacycles per second when the waveguides are bent with a radius of 30 


meters. 


The attenuation increased due to the bonding material layer is theoretically calculated. 


Introduction 


It is well known that the TE,; mode ina 
circular waveguide is suitable for low-loss 
transmission, but on the other hand very 
strict tolerances are required of the dimensions 
and in the installation of the waveguide to 
obtain a low loss value near the theoretical 
value. Moreover, the mode conversion from 
the TE,, mode to the TM,; mode is serious 
problem to be overcome at _ bends. - The 
function of the dielectric layer is to prevent 
the mode conversion from the TE); to the 
TM,;; at bends by removing the degener- 
ation of the propagation constants between 
both modes.“ By the choice of suitable 
thickness of the dielectric layer and suitable 
bending radious, TE); power can be trans- 
mitted along the waveguide with only little 
attenuation increase over that of a straight 
guide. It is essentially very difficult to bond 
low loss dielectrics to a metal such as copper. 
Conventional techniques for lining acid-proof 
tubes are used for the construction of the 


* MS in Japanese received by the Electrical Communi- 
cation Laboratory, April 18, 1960. Originally published 
in the Kenkyi Zituwyoka Hokoku (Electr. Comm. 
Labor. Techn. Journ.), NTT. Vol.9, No.6, p.621, 
1960. 
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dielectric-coated waveguide. Six methods in- 
cluding conventional lining techniques have 
been developed. The flame spray method 
which is used to manufacture acid-proof 
vessels is very excellent method from the 
viewpoint of strong adhesive force, but it has 
the defect of increasing the dielectric loss. 
Dipping in dispersed solution, used for the 
same purpose, gives some difficulty in practi- 
cal manufacturing processes. Moreover, the 
surface is too hard to be finished smoothly 
by this method. The whirl sinter method 
which is used for the polyethylene coating 
of electric wire is suitable only when the 
waveguide is short. By this method strong 
adhesive force is obtainable. The power drop- 
ping method, which is a modification of the 
whirl sinter method, can be used even. for 
long waveguides. The tube bonding method 
is excellent from the viewpoint of good uni- 
formity of the thickness in the axial direction. 
It is possible to bond polyethylene to the 
inner wall of the waveguide through the use 
of ‘Hydropol,’ made by Phillips Petroleum 
Company in the U.S.A. for the purpose of 
bonding polyethylene to brass in submarine 
cable repeaters. The above mentioned dis- 
persed solution can also be used as a binding 
material. 

Polytetrafluoroethylene or polystyrene is also 
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a low loss material, but it is very difficult to 
coat metals with this material in the proper 
thickness. 

Transmission loss due to the losses in the 
dielectric and the bonding material layers 
has been calculated theoretically. Dielectric 
constants of the materials used for the die- 
lectric-coated waveguide have been measured. 
Transmission experiments of the TE ; mode 
through dielectric-coated curved waveguide 
manufactured by the tube bonding method 
have shown that this type of waveguide 
was promising for bends. 


1. Problem of the Design of Dielectric- 
Coated Waveguides 


1.1. Dielectric Losses 


The transmission loss of a waveguide in- 
creases when the dielectric layer is bonded 
to its inner wall and increases still further 
when the waveguide is bent. The main causes 
of the attenuation increase are as follows: 

(1) Loss in the dielectric, 

(2) Mode pattern of electric and mag- 
netic fields being changed by the 
dielectric layer, 

(3) Mode conversion at bends, 

(4) Increase of TE,; normal mode loss 
at bends. 


Fig. 1—Dielectric-coated waveguide 
with bonding agent layer. 
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Fig. 1 shows the cross sectional view of a 
waveguide with polyethylene and bonding 
material layers. In the practical case, although 
the layer thickness of the bonding material 
is very thin, it can not be neglected from 
the point of attenuation increase since the 
dielectric loss is very large compared with 
that of polyethylene. The thicknesses of two 
layers are assumed very thin compared with 
the radius of the waveguide. 

Electromagnetic fields in waveguides con- 
taining inhomogeneous dielectrics inside repre- 
sented by two scalar functions are as follows: 


E,(u, v, 2)=LVilzeilu, v), 
H.(u, v, 2)= Lh @huly, v), 
ELC, 0, 2) = Dii(Zeai(y, v) 


hii zZ ) ; 
=a Be ie 


Hu, v, 2) =D Vilzyhxte, v) 


=VV;(z) Verte X Cvs 


Z ‘ lop 
where 
eni(u, v) =r Ti(u, v) 


ms CAD) 


Uo 


i 


“7,7; (U, V) Xt, 


a 2) 


hi(u, v) = — Vii, v) Xtz 


h;? 
= - Ve WAT Dr 
Ro? 


T; and T;’ satisfy the following partial dif- 
ferential equations in each region: 


Wie .—— xu 965. 


(3) 
vel?=—- Wu Las 


where 4 denotes the respective region, one, 
two or three, and 7 represents the mode 
number eh is usually denoted by the 
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double sign mm. The axial components of 


the fields are 


2a 
Cx =1 wri IG; 


WEo 
Bee 4 
Mo 


If we use cylindrical coordinates (7, ~, z), T; 
and 7; are expressed in the following form. 


sin 
PiJnQuirY eee 


OR i 
pi EE FuCgyee){ Janet) — ANa er) |S 
oy Scos 
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a—b b—c y 
3 =, ery o> 01 +02 =0, (8) 


the conditions 6,<1 and & <1 are satisfied in 
the practical case. Then the Bessel functions 
in the characteristic equation are expanded 
in a power series of d5ya, and only the low- 
est order term is calculated. The mode, which 
is reduced to TE or TM mode when 6, and 
6. are both reduced to zero, is called simply 
the TE or the TM mode although this is not 


in region @ 


To in region @) (6) 
We ie li f L Nn Gsi@sIn air) —Inai@®) Nn sir) sin 

weloe, iC) ee ib) — ANn(&xid) ny, 

2 ‘ e s Na xi®In%3i0) —Jn (sid) Nn (43d) cos 4 

in region @) 

( GInQur) a in region @) 

po) a tnd ae) — BNaar) © Sng, neem © 
Des 12 { J —sin (6) 


Fe a ea) Oe 


where a, 6, and c are the radii shown in 
Fig. 1. Equations (5) and (6) satisfy the conti- 
nuity condition of E, and H, at r=6 and 
the boundary condition F,=E,=0 at r=a. 
Moreover, if we put 


© JanQau®) —ANan Qe 
i) 
ee qi 


ORI Cre 


then, the continuity conditions of E, and H. 
at r=c are fulfilled. The characteristic equa- 
tion from which the propagation constant 
should be determined is obtained from the 
continuity conditions of E, and H, at r=) 
and r=c, and also from (7). If we put 


Nn’ xi@) In aid) —In’ sia) Nn aid) —sin 2 


in region (8) 


exact. In the case of the TM mode, we 
have used the following definition: 


ky 
Ai ay eee (9) 


where /,(k:)=0. Then, we can expand as 


TnCoyrt) = (A%sa—Rid)Jn’ (Ri). (40) 


The solution of the characteristic equation is 
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For the TE,m modes with n=<0, using (9) 
and Jn’(ki)=0, we can expand as 
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Then, we obtain 
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For the AN Bias mode, 
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a» and Ag in following equations are the 
real and imaginary parts of the perturbation 
terms of the propagation constant Y. ¢ is re- 
presented as <’—ze” in each region, where 
e’>>e” is assumed. Moreover, ¢, is assumed 
lossless. For the TM modes, 
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For the TEpm modes, 
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In (15), (16), and (17) v=A/a, where 2 is 
the cutoff wavelength of the waveguide with- 
out the dielectric layer. For the TE,» with 
n-=<0 and TM, the attenuation constants in- 
crease in proportion to 


t+ a, (18) 


then, if ¢:’=¢;’, for example, bonding ma- 
terial of only one percent of the thickness 
of the polyethylene layer gives the same 
attenuation increase as that of the polyethy- 
lene, assuming that the bonding layer has 
one hundred times the tan 6 of polyethylene. 
On the other hand, in case of the TE)m mode 
the attenuation increase is very small. 
Recently a waveguide with double layers 
has been calculated by Unger‘ for utili- 
zation as a mode filter. In a straight wave- 
guide, bonding material having high loss is 
desirable because it gives mode filter action, 
but in a curved waveguide it is unfavorable 
because it makes the TE); normal mode loss 
large. When 6,=0, equations (16) and (17) 
reduce to the perturbations of a single di- 
electric layer shown by Unger,‘ namely 
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Unfortunately, (19) is not a good approxi- 
mation unless 6 is very small compared with 
one, but it has been used for rough esti- 
mation of the losses for simplicity. ap for the 
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TE): mode is shown in Fig.2 when the 
waveguide diameter is 51 mm, the dielectric 
Constant.1s'2.37,,and tano is 2.0110‘. 


ap (dB / km) 


Fig. 2—ap of TE: in case of 2a=51 mm, 
oO, anGetamo—2-0) x 0s. 


Aay is the attenuation increase due to the 
increasing wall current caused by the exist- 
ence of the dielectric layer, and is given also 
by Unger,‘” as follows: 


2: 
a (20) 
An) v"(0m) 


The attenuation increase caused by _ bend- 
ing the dielectric-coated waveguide consists 
of mode conversion loss and the increase of 
the TE,; normal mode loss, as described 
above. We assume that the converted mode 
is only TMy, therefore the maximum con- 
version loss is 


17.35 o =“ (21) 
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where the coupling coefficient c between TE); 
and TM, is approximately“ 
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The increase of TE); normal mode loss is 


Bose eae 
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where @, and a» are the attenuation con- 
stants of the TE); and the TM,, modes, and ap- 
proximation is good only when c</A§'. For 
waveguides of 51mm diameter coated with 
a dielectric of e=2.37, tand=2.01107* and 
6=0.8%, then c*=4.93/R and AB=4.30rad/m 
from (22) and (19). And since for waveguides 
without a dielectric layer, a2/a;=48.6, then 
Aa,/a,=62.6/R*, and it becomes 0.0696 for 
the bending radius of 30m. In the case of 
the above mentioned numerical example, ap 
of the TM,; mode is 6.22 dB/km which is a 
rather small value. But if tanéd is increased 
one-hundred times, then ap becomes 622 dB/ 
km. Then adding the TM,, loss of the wave- 
guide without dielectric of 52dB/km, the 
total attenuation reaches 674dB/km. The 
TE, loss including dielectric loss is a,=3.37 
dB/km, then a2/a,=200 and 4a./a,=262/R’. 
Therefore, the attenuation constant of the 
TE>: mode is increased by 215% due to die- 
lectric loss, moreover it further increases by 
29.3% when the guide is bent with a_bend- 
ing radius of 30m. This numerical example 
indicates that the dielectric material loss must 
be as low as possible in order to obtain a 
low loss dielectric-coated waveguide bend. 
Furthermore, we have the difficult problem of 
bonding the low loss dielectric to the metal. 


1.2. Measurements of Dielectric 
Constants 


Very familier low loss dielectrics are poly- 
ethylene and polytetrafluoroethylene. The die- 
lectric constants of these materials are essen- 
tial values for the design of a dielectric-coated 
waveguide. Several workers have published 
measured values.” Here we show the 
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results of measurements carried out at 35Ge/s. 

A dielectric sample is inserted into a cavity 
resonator, and the Q factor and the resonant 
frequency are measured before and after in- 
sertion of the sample. Then « and tand are 
calculated from these measured values. Fig.3 
shows the block diagram of the arrangement 
for the measurement of dielectric constants. 


Cavity for 
sample undertes! 


35Ge /s 
Klystron 


Variable 
attenuators 


Calibrating Video 
wavemeter amplifier 


ml 


Differential 
amplifier 


Sawtooth 
wave 
generator 


Video 
amplifier 


Two channel 
switching amplifier. 


Fig. 3—e and tando measuring circuit diagram. 


The diameter of the TE); mode cavity reso- 
nator for the sample is 12mm. A sightly 
larger cavity would be better from the view- 
point of accuracy of the tand measurement. 
But careful measurement will assure us of 
errors of less than 5% for tanéd and of less 
than 1% for «. The width between the two 
half power points of the resonance curve, 
from which the Q factor is calculated, is 
measured with another cavity resonator used 
as a wavemeter. High precision in the cali- 
bration of this wavemeter is necessary because 
the smallest frequency difference must be 
read accurately. It is desirable that the ratio 
of the resonant frequency variation versus 
piston movement should be as small as possi- 
ble. The resonance conditions of the wave- 
meter are 


A 
See 
# 2 
(24) 
AL _ _ Nap -__ LAy® 
Ap re oe f, 


where L is the length of the wavemeter, 2, 
is the guide wavelength, c is the velocity of 
light, and N is the number of standing waves 
at resonance. As L and 4, becomes longer, 
the accuracy becomes higher. In this sense, 
the operating frequency must be as near as 
possible to the cutoff frequency, and the 
length of the wavemeter must be as long as 
possible. The diameter of the wavemeter 
used for measurement is 11.4mm and the 
length of the wavemeter is variable from 
255mm to 300mm by the movement of the 
piston. The ratio of the operating wave- 
length to the cutoff wavelength is approxi- 
mately from 0.90 to 0.95. When this value 
is 0.94, N is 22 and the frequency variation 
is 128kc for a piston movement of 10 v. 
The Q factor of this wavemeter is about 
17,000. Both the calibrating wavemeter and 
the sample insert cavity were manufactured 
by the electroforming method. 

The procedure of measurement is shown 
in Fig. 4. First the length and the Q factor 
are measured without the sample (upper half 
of Fig. 4), and then the same quantities are 
measured with the sample (lower half of 
Fig. 4). ¢ and tand are determined through 
calculation from the above measured values. 
The problem of calculating the dielectric 
constant was covered in detail by M. Hoshiai 
and S. Saito.‘ 

Measurements were carried out in several 
piston positions. Accuracy in measurement 


O ae 
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Fig. 4—Cavity resonator for the sample 
under test. 
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Table 1 


¢ OF POLYETHYLENE AT 35GC/S 
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depends on the piston position J,. Table 1 
and 2 show the measured values of ¢ and 
tand of a polyethylene sample of 1.03mm 
thickness. Deviations of the measured values 
were within 5% at 34,240Gc/s, but they 


Prequenes Rosai were very large at 36,538 Gc/s for large 1; 
| , because of undesired modes of the sample 
Gy mm) | “4738 | 4.864 cavity. In Tables 1 and 2, only reliable results 
34, 240 Ge/s | | Misan are adopted. 
: 5-5 ire a 2. 37 Table 3 shows the results with polytetra- 
| fluoroethylene. It is very difficult to bond this 
polymer to the metal in the required thick- 
Gq (Geaven)) |) Gh atcls} 3. 220 - git: q ‘ ick 
ne ness range. Even so, it is a very important 
36. 538 Ge/s 2.37 low loss material for the microwave region, 
CP ma ee 40 2. 34 and the measured values of ¢ and tand should 
be useful. The thickness of the sample was 
Table 2 
TAN 6 OF POLYETHYLENE AT 35 GC/S 
Frequency Results 
‘1, (mm) 2 3 4 4.732 6 7 
aa ee Mean 
34, 240 Ge/s ae (2.01) 
(anes) <10=*) Zell 0. 98 2.00 iL, GB 2.07 
etary ee 8 2 1.5 1. 65 2 a5) 
Mean 
36, 538 Gc/s | 3 | (2.21) 
tan 5 (x 1074) 2.04 | 2.18 DO Dil 2. 40 


Table 3 


€ OF POLYTETRAFLUOROETHYLENE AT 35GC/S 


Frequency Results 
l, (mm) | 4.739 35211 
34, 229 Gce/s |— = | omen 
hie 2.088 | 2.058 | 
| | | 
1, (mm) | 3.690 | 3.445 | 
M 
36, 536 Ge/s i : (10) 
é 2.13 2.07 


0.763 mm. The measured tan 0’s are shown 
in Table 4 only for the frequency of 34,536 
Gc/s. The accuracy was not sufficient at the 
frequency of 36,536 Gc/s due to undesired 
modes. 


2. Methods of Constructing Dielectric- 
Coated Waveguides 


2.1. Problems of Construction 


Plastic coating techniques are common in 
those industries which manufacture vessels 
for storing or tubes for transporting acids 
and alkalies. However low loss materials are 
indispensable for dielectric-coated waveguides, 
but they are not only hard to bond to metals 
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Table 4 


TAN O OF POLYTETRAFLUOROETHYLENE AT 35 GC/S 


| 1, (mm) 2.3 
34, 229 Gc/s aa 
tau 5 (x10~*) 


PES aks 


because of their non-polar characteristics, they 
also have many inconvenient characteristics, 
such as insolubleness in solvents, lack of 
flexibility, and unstableness of physical pro- 
perties even when dissolved in a solvent. 

First we used styrenated epoxy resin 
ester which is one of the thermosetting materi- 
als. Such materials have the defects that the 
dielectric loss is large and that smoothness 
of the surface is not easily obtainable. 

Polytetrafluoroethylene is not only excellent 
electrically and stable chemically, but when 
it is heated and cast, the softening point and 
the resolving point are very close and it is 
very hard to obtain a thick layer. In general, a 
dispersed solution is used to coat a metel 
surface with this material. The desired thick- 
ness of the layer can be obtained with 
frequent repetition of dipping and _ baking. 
However a tortoise-shell shaped crack is apt 
to appear on the surface due to frequent 
coating. 

Polyethylene is an electrically and chemi- 
cally excellent material. It is very stable 
unless exposed to strong acid or ultraviolet 
rays; and further it is very cheap, has low 
losses and is very flexible. Its only defect is 
that it does not adhere to metals such as 
copper. But several methods have already 
been developed for the purpose of manu- 
facturing acid-proof vessels, and moreover we 
developed other advanced methods for our 
own use. These methods are classified into 
the following; namely, flame spray method, 
whirl sinter method, powder dropping method, 
dispersed solution method, solution coating 
method and tube bonding method. 


2.2. Flame Spray Method 


A spray gun having three nozzles is used. 


Oxygen sprays from the first, fuel gas from 
the second, and polyethylene powder spread 
in nitrogen from the third; and due to the 
high temperature, the polyethylene is in the 
molten state when it hits the metal.part. By 
this method polyethylene is bonded with a 
very strong adhesive force, but the dielectric 
losses increase because the polyethylene is 
oxidized and is mixed with impurities. More- 
over, the surface cannot easily be smoothly 
finished. It is usual practice in the manu- 
facture of linings to sandblast the metal 
surface before applying the lining to remove 
oxides and to roughen the surface. Obviously 
such a technique cannot be used in wave- 
guides where low attenuation is_ essential. 
Another defect of this technique is that a 
special spray gun must be developed. 


2.3. Whirl Sinter Method 


This method was developed for the purpose 
of coating small parts or electric wires with 
polyethylene. polyethylene powder in a vessel 
is floated on an air stream from the wire-netting 
at the bottom of the vessel, and pre-heated 
metal parts are inserted into the polyethylene 
cloud. Polyethylene powder touching the metal 
is melted by the high temperature and sticks 
to it. Next, the half-melted polyethylene covers 
the surface, and the surface looks like a 
doughnut covered with sugar. The metal 
part is picked out of the vessel and after 
cooling, it is heated again at a_ suitable 
temperature in an oven. Then the polyethy- 
lene layer melts again and the surface is 
finished smooth by surface tension. By this 
method, the polyethylene sticks to the metal 
with strong force because the part close to 
the metal is heated to a very high temper- 
ature, but the outside part is heated to a 
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comparatively low temperature, and this part 
of the polyethylene retains its low loss charac- 
teristics. This method gives a good compro- 
mise between good adhesion and good ele- 
ctrical characteristics. This method is not 
suitable for long waveguides because of 
practical difficulties in manufacturing. 


2.4. Powder Dropping Method 


The powder dropping method was de- 
veloped from the method of the preceding 
section. Fig. 5 explains this method schema- 
tically. The waveguide is heated to a temper- 
ature between 250°C and 350°C, and is set 
up vertically or obliquely. The vessel con- 
taining polyethylene powder is put on the 
waveguide, then the shutter is opened and 
polyethylene drops into the guide. In a few 
seconds, say 5 seconds, the shutter at the 
bottom of the waveguide is opened and then 
nearly all the polyethylene powder drops into 
the vessel put under the waveguide but a 
part of the powder sticks to the inner wall 
of the guide. The same processing as that 
mentioned in the proceding section continues 
after this process and a smooth surface can 
be obtained. Suitable reheating time and 
temperature are about 30 minutes and 140°C. 

The thickness of the film can be controlled 
by the choice of the time interval between 
the opening of the upper and lower shutters, 


_Polyethylene powder 


_ Upper Vessel 


+4 SN 
i ¥ Upper 
& # shutter 


Ae 


Lower 
shutter 
7 


1H e-Lower 
vessel 


Fig. 5—Schematic diagram of the powder 
dropping method. 
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and the temperature to which the waveguide 
is pre-heated. Polyethylene powder of about 
50 meshes manufactured by the low pressure 
method was used, and the finished film 
thickness was about 0.2mm at about 300°C 
and in 5 seconds. 

By this method the polyethylene part near 
the guide wall is oxidized to a certain extent 
but has strong adhesion. The polyethylene 
part far from the waveguide wall holds its 
good electrical characteristics as in the preced- 
ing method. However, it is very difficult to 
bond two polyethylene layers separately, 
namely the first thin layer at high tempera- 
ture and the second layer at comparatively 
low temperature. The first layer will adhere 
firmly but the second layer will fall off from 
the first polyethylene layer after cooling. 

The uniformity of the layer depends on the 
surface tension and viscosity in the melted 
state. The viscosity of polyethylene is rather 
large, therefore some irregularity of the surface 
of the polyethylene is unavoidable. Fig.6 shows 
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(a) in the axial direction. 
(b) in the circumferential direction. 


Fig. 6—Thickness of the dielectric layer 
stripped from the dielectric-coated 
waveguide manufactured by the 
powder dropping method. 
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the thickness of the film of the dielectric- 
’ coated waveguide manufactured by the powder 
dropping method. The interval between two 
adjacent measurement points is 4mm_ which 
is not small enough to follow the exact 
variation of the thickness. The roughnesses 
in the circumferential and longitudinal di- 
rections are fundamentally equal. 


2.5. Dispersed Solution Method 


Fine polyethylene powder of between 250 
and 300 meshes is dispersed into trichloro- 
ethylene. A small part of the polyethylene 
dissolves into the trichloroethylene, but the 
viscosity is still poor. Then a small amount 
of toluene or xylene is added to the trichloro- 
ethylene. The dispersed solution is blown in 
to the inner surface of the waveguide by a 
spray-gun or by dipping, and then after 


volatilization of the solvent and dispersion - 


solvent, the waveguide with polyethylene on 
the surface is heated, and a firm polyethylene 
film is formed on the:surface: Dipping and 
heating must be repeated several times so 
that the desired thickness may be obtained. 
It is said that an excellent polyethylene layer 
whose molecular weight does not decrease 
can be formed by this method. Future de- 
velopments are to be expected. 


2.6. Solution Coating Method 


Polyethylene can be dissolved into toluene 
and xylene at the temperature at which 
polyethylene melts. Such solutions are used 
to manufacture polyethylene-foamed wire. The 
wire is coated and then baked in an oven. 
A dense solution of polymer such as_poly- 
styrene dissolved into benzene or polyethylene 
dissolved into above mentioned solvents is 
apt to make bubbles while baking. Because 
the solvents near the surface volatize rapidly, 
thin plastic films are formed immediately on 
the surface, and the solvent in the interior 
cannot volatilize; therefore bubbles are formed. 
Consequently, a dense solution must not be 
used, and the thickness formed by one baking 
must be very thin. Polyethylene formed by 
coating and drying is weaker than the 
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original polyethylene from the viewpoints of 
strength against the pulling and bending. 


2.7. Tube Bonding Method 


Polyethylene tube previously constructed is 
bonded to the inner surface of the waveguide 
with a bonding agent. Compared with the 
other methods this method yields excellent 
uniformity in thickness in the axial direction. 
The air is pulled out by a vacuum pump 
from the space between the waveguide and 
the polyethylene tube inserted into it as shown 
in Fig. 7 (a). The outer diameter of the tube 
is made a little smaller than the inner dia- 
meter of the waveguide. 
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t | 
aos = : Vacuum 
pump 
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\ , / . 
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tube \ waveguide oe eo packing 
l x 
il 


Vacuum 
pump 


a och cbc tube ry 


Fig. 7—Schematic diagram of tube 
bonding method. 


“Cemedine 1200” made by the Cemedine 
Company and “Hydropol” made experimental- 
ly by the Phillips Petroleum Company are 
two typical bonding agents to bond polyethy- 
lene to metals. Fine powdered polyethylene 
dissolved in a solvent (see 3.5) is also useful 
as a bonding agent but the adhesion is not 
a good as that obtained when using the 
above two bonding agents. With Cemedine 
1200, the dielectric-coated waveguide was 
completed when air is pulled out and the 
tube expands and sticks tightly to the inner 
surface. In the case of Hydropol or dispersed 
solution, the adhesive force appears by 
heating, under certain pressure. Hydropol, 
partly hydrogenated polybutadiene (8 per cent 
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unsaturation), is a white dry powder, and is 
dissolved in toluene. The procedure of the 
construction of the dielectric-coated waveguide 
is as follows: the waveguide is coated with 
Hydropol after its inner surface has been 
washed with trichloroethylene. One end of 
the polyethylene tube is folded out of the 
waveguide at one end of the guide as shown 
in Fig. 7 (a). Airtight sealing is completed by 
this simple process. The other end of the 
tube is sealed off, and the space between the 
tube and the waveguide is sealed with a 
coupling. Then the vacuum pump is started 
and the waveguide heated. The temperature 
of the waveguide is raised to between 150°C 
and 180°C. After cooling, both auxiliary 
waveguides are taken off and excess parts of 
the polyethylene tube are cut off. 

The operation must be performed very 
carefully. Without preparation as described 
below, the tube will not expand uniformly 
by the action of the pump. Namely, if any 
part of the tube is even a little thinner than 
the remaining parts, this part expands rapidly 
and prevents the air from escaping past this 
part. To avoid such trouble, a cap is placed 
on the end of the waveguide as shown in 
Fig. 7(b). Then the enclosing of air will 
never happen because the pressure in the 
tube is very low even under the action of 
the pump. The cap is removed after sufficient 
evacuation of air. 

Polyethylene tube has been manufactured 
for a very long time by the inflation method. 
It is not tubular but rolled up on a reel 
continuously. It has two folds, but these can 
not be recognized in the completed dielectric- 
coated waveguide. The dimension of the tube 
is expressed not in diameter, but in rolled 
width. The accuracy of the rolled width is 
not very high. If the rolled width of the 
tube is too large for the guide, the completed 
waveguide is marked with a_logitudinally 
raised stripe of polyethylene. 

Next, the tube must be inserted into the 
waveguide carefully so as not to twist or 
loosen it, as otherwise wrinkles appear after 
the waveguide is gradually heated from one 
end to the other. 

The polyethylene tube stretches in the 
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axial direction when the waveguide is heated 
from one end to the other due to the air 
pressure at the part just heated. Total ex- 
tension is about 10cm in the case of a 5m 
long waveguide. The flanges cannot easily 
be raised to the same temperature as the 
inner part because the flanges have large 
heat capacities. Strong adhesion is necessary 
near the flange because especially strong 
shearing force acts on the polyethylene tube 
between the tube and the waveguide surface 
because of the shrinkage of the polyethylene 
due to temperature variations. 

The preparatory processing to prevent 
gelling is explained in an other paper.“ This 
paper explains in detail suitable condition for 
bonding polyethylene to brass. The compound 
is made by mixing Hydropol and_ other 
several ingredients. Ten grams are dissolved 
in 100 cc of toluene, and applied with a spray 
gun or by brushing or dipping. The thickness 
of the dried film is approximately 0.08 mm, 
and the pressure applied to the polyethylene 
is about 7km/cm*. In our experiments the 
situations were different. Namely, 100 per 
cent Hydropol was used at a pressure of 
about 1kg/cm’, namely 1latm, and the 
thickness of the dried Hydropol was very 
thin. Nevertheless, enough adhesive force has 
been obtained for our purpose. 

Fig. 8 shows the thickness of polyethylene 
layer manufactured by the tube bonding 
method, measured at intervals of 4mm. The 
polyethylene tube has two folds as in Fig. 8 
(c). Fig. 8 (a) shows the sum of the measured 
thickness of A and B sides, and the thickness 
of both sides measured together. The dis- 
crepancy between the two results in Fig. 8 (a) 
is due to deformation caused by the pressure 
of the micrometer. Two curves of Fig. 8 (b) 
show the thicknesses of the two sides, re- 
spectively. 

Fig. 9 shows the thickness of the polyethy- 
lene tube stripped from the dielectric-coated 
waveguide manufactured by tube bonding 
method. The uniformity in thickness is very 
good in the axial direction, but not so good 
in the circumferential direction. The mode 
conversion will be small only if the uniformity 
is good in the axial direction, even though 
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. . . . . 3 
not so good in the circumferential direction.“ 


The tube bonding method is advantageous to 
construct such waveguide. 
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Fig. 8—Thickness of polyethylene tube made 
by infraction method. Interval between 
adjacent measuring points is 4mm. 
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(a) in the axial direction. 
(b) in the circumferential direction. 


Fig. 9—Thickness of polyethylene layer by tube 
bonding method. Interval between ad- 
joining measuring point is 4mm. 


REVIEW OF THE ELECTRICAL COMMUNICATION LABORATORY 


3. Adhesive Force 


The temperature at which polyethylene 
congeals is about 125°C. The temperature of 
the waveguide may be lowered to about 
—10°C in winter. The coefficient of expantion 
of polyethylene is larger than that of copper. 
At low temperatures, polyethylene is apt to 
be stripped from the waveguide due to 
shrinkage. In Fig. 10, shrinking force P is 


P=E(ap—a)T, (25) 
where E is modulus of elasticity, a, is coef- 
ficient of expansion of polyethylene, a is 
coefficient of expansion of copper, and T' is 


temperature difference. The adhesive force 
required to prevent stripping of the tube is 


p= Le =28Gs a> Be (26) 


where* 
E=(0.13~0.25) x 10* kg/cm?, 
a= (1.6~1.8) X10-“7°C, (27) 
Oe= lA Xe? C. 

If t/a=0.01 and T=135°C are assumed, then 


P=25~55 kg/cem?. (28) 


Will 


V 


Fig. 10—Explanatory diagram of adhesive force. 


* Communication Handbook, Maruzen Book Cos 
Tokyo, Japan, 1957. 
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The maximum value in the above results is 
about half of ultimate tensile strength (110~ 
130 kg/cm’). The desired adhesive force is 


p=0.5~1.1 kg/cm?. (29) 


Even the highest value of (29) is only a little 
larger than 1 atm, thus only a small adhesive 
force is required in the middle part of the 
waveguide if there are no pinholes in the 
tube. The above estimate is based on the 
approximate coefficient of expansion of poly- 
ethylene, which is not constant in value ‘but 
depends on the tensile force. 

At the end of the waveguide, strong ad- 
hesive force is needed because the pressure 
of the atmosphere does not help in preventing 
stripping, and the shearing force due to the 
temperature variation or bending of the guide 
appear at the end part of the tube concentri- 
cally. 

A heat cycle test was made using dry ice 
and alcohol. The temperature was varied 
three time between 20°C and —55°C. It 
took about two hours for one cycle. A small 
part of the tube at the one end peeled off, 
but the greater part did not. By the way, at 
such low temperatures the adhesive force of 
polyvinyl tape and cellophane tape is lost 
but it recovers with temperature rise. 


4. Measurment of Electric Characteristics 


As the first step, styrenated epoxy resin 
ester was used to. make a dielectric-coated 
waveguide 15m long. Measured attenuation 
constant before coating was 5dB/km in the 
straight state at the frequency of 24 Gc/s. 
After coating the attenuation constant became 
15dB/km. Moreover, it became 34 dB/km 
when the waveguide was bent with a radius 
of 30m. It is very difficult to coat this regin 
uniformly on the inner surface of the guide 
due to the high viscosity of the solution. 
Moreover, because the thickness attainable 
by one coating is very small, coating must 
be repeated several times. Repeated cycles 
yielded coatings which were very irregular, 
and large lumps also appeared. When the 
waveguide is long, say 5m, the difficulty is 


Syl 


large. Attenuation increase in the straight 
state is considered as due to the remarkable 
irregularity of the dielectric film. And the 
attenuation increase in the curved state is due 
not only to the loss and the irregularity of 
the dielectric but to incomplete junctions 
used in this measurement. 

In the next step, a 23m long dielectric-coated 
waveguide was manufactured by tube bonding 
method. This time, the frequency was 51Gc/s. 
Fig. 11 shows that the attenuation constant 
in the straight state is about 3.0 dB/km, and 
Fig. 12 shows that it is about 3.5dB/km in 
the curved state with the bending radius of 
30m. It was 2.3dB/km before the tube had 
been bonded, thus the attenuation increase 
was about 30 per cent in the straight state, 
and 52 per cent in the curved state. Fig. 13 
shows the schematic diagram of the measure- 
ment. 


Trip 


One 


— Helix waveguide 
=} 


0) 20 40 60 80 100 120 
A Round Trip Length of the Waveguide (m) 


Fig. 11—The loss measurement of dielectric- 
coated waveguide manufactured by 
tube bonding method, by pulse re- 
flection method. Inner diameter of 
waveguide is 51mm, the thickness 
of dielectric is 0.22mm, and the 
frequency is 51 Gc/s. 
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Fig. 12—The same as Fig. 11, except that 
the dielectric-coated waveguide is 
bent with a radius of 30m. 
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Fig. 13—Schemetic diagram of the measure- 
ment of the attenuation of the 
dielectric-coated waveguide. 


The height of the pulse on the cathode- 
ray tube is changed by the movement of a 
short piston at the end of the waveguide. 
Fig.14 shows the variation of the pulse 
height for the movement of the piston. The 
period of the variation of the pulse is about 
70cm. The calculated deviation of the phase 
constant of TM,;, from uncoated state is 4.46 
radians per meter for this waveguide, with 
inner diameter of 51mm, polyethylene layer 
of 0.22 mm (6=0.86 per cent) and «=2.37. 
Half of the beat wavelength calculated from 
this phase constant deviation is 70.45cm which 
coincides very well with the measured value. 


Conclusion 


Attenuation increase due to the bonding 
agent layer is neglegible for the TE,;, but 
appreciable for undesired modes. Thickness 
of the Hydropol used to bond the polyethy- 
lene tube in the waveguide is so thin that 
the low loss characteristics of this kind of 
waveguide will not be lost by dielectric loss 
in the Hydropol. 


Six methods have been developed to con- 
struct polyethylene coated waveguides. The 
powder dropping method and the tube bonding 
method are the most promising. An especially 
smooth surface is obtained by the latter 
method. In this method a polyethylene tube 
is inserted into a waveguide coated with 
Hydropol, and after the air between the tube 
and the waveguide is pulled out by a vacuum 
pump, the waveguide is heated from the 
outside. The uniformity in the thickness of 
the film was excellent in the axial direction. 
Further developments to obtain stronger 
adhesive force and more uniform thickness 
of the film especially in the circumferential 
direction can be expected in the future. 

The measured attenuation constants of the 
dielectric-coated waveguide by the tube bond- 
ing method were 3.0dB/km in the straight 
state and 3.5dB/km in the curved state with 
a bending radius of 30m. Before coating it 
was. 2.3dB/km; therefore the attenuation 
increases are 30 and 52 per cent in the 
straight and curved states, respectively. 
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Mode Conversion in the Excitation of TE, Waves 
in a TE, Mode Transducer (Rectangular—Sector 


Portion—Circular) 


Shinichi IIGUCHIt 


Maxwell’s equations expressed in oblique coordinates are obtained. The transverse fields 
in the cross sections of the transducer are expanded into a series of normal mode functions 
of sector waveguides; and by substituting this series expression into the Maxwell's equation 
obtained above, the author obtained a telegraphist’s equation from which he derived in- 
homogeneous differential equations. By integrating numerically the solution of these equat- 
ions, the magnitude of the unused mode is obtained. 

The theoretical values of the magnitude of the unused TE, TEx, TE3; and TM,, modes 
agree with the experimental results within about 1 dB. 


Introduction 


The TE,; mode transducer employing gradu- 
al transition from a rectangular to a circular 
waveguide through sector sections has been 
widely known since 1949. Its transmission 
characteristics, however, are not known. 

The author constructed three types of trans- 
ducers of this kind in 1953, but since the 
mode analyzer used then was not good 
enough, the transducers were judged poor in 
transducing characteristics. Recently, it was 
felt necessary to re-examine the performance 
of these transducers, and theoretical calcu- 
lations were made. The results obtained 
revealed a fairly high mode purity and it is 
concluded that this type has good enough 
wide-band and low-loss characteristics provided 
that electroforming is employed in their con- 
struction. Electroformed waveguides do not 
require soldering, which is the main cause of 
high losses. 


* Contributed to the Symposium on Millimeter Waves. 
Polytechnic Institute of Brooklyn ,March 31 and April 
1 and 2, 1959. Published in the Institute of the Electri- 
cal Communication Engineers of Japan, Vol. 42, No. 12, 
pp. 1213-1219, 1959. 

+ Hyper-frequency Research Section. 


1. Coordinate Systems 


The central angle of the sector space sur- 
rounded by the metal surface is flared pro- 
gressively and the edge helix curve of the 
space is expressed by 

x=acos¢, y=asing, 2z2=B¢, 
where B is the constant which is determined 
by the geometrical configuration of the trans- 
ducer 


i= ae =constant. 


The formulas of the inner helix curves are 


x=rcos¢, y=rsing, z2=2. 


Fig. 1—TE), wave transducer. 
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Defining 
p= a 
~ 
we have 
en GE errs 
I y=rsin B? 22. 


Glossary of Symbols 


x,y, z=right-handed cartesian coordinates 
r, 6, z=right-handed cylindrical coordinates 
2¢=flared angle of sector of metal surface 
a=inner radius of waveguide 
(mn), (MN)=subscripts of TM mode: 
(mn), general wave » 
(MN), specific wave 
[mn], [MN]=subscripts of TE mode: 
[mn], general wave 
[MN], specific wave 
Vnn=amplitude of electric field 
Inn=amplitude of magnetic field 
Bpn, Bp>n=phase constant: 
pn, general wave 
ON, speccific wave 
Ron=7e-th zero of 7,(X) 
Rtpnj=n-th zero of Jp’(X) 


B=—o/Z, r=6/¢, G=72/B, 
ileal Gh [Disa Eyre 


2. Maxwell’s Equations in Oblique 
Coordinates 


The general theory for deriving Maxwell’s 
equations in oblique coordinates is given in 


Fig. 2—Curvilinear coordinates of TEo1 wave 
transducer. 


Fig. 3—Curvilinear coordinate system. 


full detail in Reference (1), hence we can 
apply these equations to our transducer im- 
mediately without explaining them again in 
this paper. 

The position vector r from an arbitrary 
origin to a variable point P is expressed by 


= i.( reos =) +i(r sin | +1,(2). 


For the symbols g;;, which are the scalar 
products of unitary vectors, we obtain 
gir Qi2 Gis 1 0 0 
0 ( Ee ) tYZ 
921 922 G23 |— B Be |. 


CHAE. tr \2 
931 932 933 0 B oe) 


By using the symbols g:; we express f; by Fi, 
and we obtain the divergence and the curl 
of the vector F. By substituting the notation 
F,, F,, and F; for F,, F, and F; respectively; 
and 7, t and z for u', u*, and u*; we obtain 
the following Maxwell’s equations in the first 
order approximation of (z7/B); where gi;, fi, 
F;, and u‘ all have the same meaning as the 
corresponding symbols used in Reference (1). 


TY v2 
- 0 Ja, 
BY ak, (BE) (Be) 
OT iP Ot 0z 
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BO} OT mn) OT mn) (3) 
a( aa E.) JEL eaeey ca as +Itmn] @0t 
= ; |- jon, 
Z 
mn oT 
fe oe ae: at Ir ean a 
. ( oP ) Q20T r 
Oia OE. B eB? 
Oz or 0 foul: G=Ta Bs 
A ea 0 FEE) The Ttmn] and Tomn, functions are expressed 
B Bee B OE, Me : ; di 
tT by the following equations: (See appendix). 
V2 or or Or 
=—jopHs i itas 
a Feami=— V7 & 37 Bipag— Pt 
a( oat) a( ee) 
BT aH, jas B elie 
rz | Ac ar dz Sopa) cog maz; (4) 
Jo (Lepn]a) 
CIEE, 
ee Sas ee eS 
Be ) ye p\Keony"/—_ sin mar 
S 0z |FiecE 1 oss ven Ron JoriQoama 
(5) 
aa where 
az or or i Sn =2 Cn=0),* Nen=1, Gn=0). 
Aiea 3 ( H.) For T functions orthogonality relations hold, 
B | ROD ey 
F a Sa 
e oF z ; [| cera T) (grad T)dO= g\\T'e0=1 
=jock, 
V2 Te \\ T min) T Gara 
if B E,) dE. a B F:) 
+ : 0 
Or Ot 0z 
(2) = J) Timms Timid =0 (6) 
v2 V2 
a( £2 H,) re a( e H.) : 
ee ren: ‘; || cera T Gains) Sad 2 Games =O 
3. Expansion of Transverse Electric 
and Magnetic Fields {| ered Timimi)(erad TimensDde=—0 
The transverse electric and magnetic fields where =ommi%mn, and dQ=rdrdr. 
in a cross section of the transducer can be 
expanded into the series of normal mode For the power relation, we have: 


functions of sector waveguides. 


o Power=Re|| (EHSL EH pare) 
i Vemma iF Vicariate oes 


Substituting Eq. (3) in the right side of Eq. (7) 
Been Olas hes OT mnt and using the first formula of Eq. (6), we 
@,0T or obtain: 
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Power=Re| ovee|| (grad Tmn)?rdrdz} 


Ph *) —Rel 2 _yyxl 
Re {¢VI*} ey B VI i (8) 


4. Derivation of Telegraphist’s Equations 
Substituting (3) in the third and sixth 
formulas of (1), we have, neglecting the terms 


higher than (cr/B), 


eh — Leases is oe at Tom +Tomny x se 
—w'ye B —w pe 
(Sf oT, mn 
Vimy PT pns 8) 
2 2 
n pa nm D 
JEW kecaray x oP : Tomny + Vimnl~ tpn a Ttmn] 
—joe wpe B 
0 
+ Vimy 2 SF mad. (10) 


w* Me B or 


Then we try to rewrite the Maxwell’s equ- 


ations (1) into convenient forms. From _ the 
first formula of Eq. (2) 
v2 V2 
(Fes) a(" E) s 
= = ee 11) 
0z or 


After substituting Eq. (11) in the fourth term 
of the first formula of Eq. (1), then further 
substituting Eq. (3), the fourth term of the 
first formula of Eq. (1) becomes 


= = 2 sale ¥cny Lanny | Ven. (12) 


Similarly, using the second formula of Eq. (2), 
the fourth term of the fourth formula of 


Eq. (1) becomes 
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Tr 
Se oe T(mn}]/{mn}- (13) 


mn B 
The first, second, fourth and fifth formulas 
of Eq. (1), which are modified by using Eq. 
(12), Eq. (13) and E,=E,4+(cr/B)E., take the 
following forms: 


Be Or, 
vz Or @z z 


CF 9 7 
+ 2 (=m Tenn) Venn = — jou, 
mn B 


OF, WI, ; 

Oz OF se jou. 

Is) OH 78) Willer ¥ 0H. 
ZO BZ OF 0z 


(Ef H 
Sea ibe (— tpn) Tim) /imn) = jos, 


4) 


4.1. Derivation of dV(01;/dz 


We substitute Eq. (3) in the first formula 
of Eq. (14), then multiply by [07{013/0r]rdrdc, 
and integrate over the cross section. For the 
first term, we obtain 


Bo Oka OT ard 
Zn OG Or 


=7 \ el: oe de 
z Jo Or = 


= i a loay| Ba [f= 
0 Or 


Bi t=—l1 


As [Ea]:z11 is the tangential component of 
electric field on the surface of the wall, it is 
zero. Then we get the following formula 


easily. 


dV(o1)_ 


1 
e ere ee Vio13 
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=Vamon ~ [lerTar AU rarae. (15) 


4.2. Derivation of dVimnj/dz 


We substitute Eq. (3) into the first and 
second formulas of Egq.(14) and multiply 
them by [07tmni/Or]rdrde and [07[—mnj/e07 | 
-rdrdz, respectively, then add and _ integrate 
over the cross section. For the term contain- 


ing E., we have 


_({ Ea OT tmNI 
| or €20T 


Candee hap | ee 2Ti0s ac} 
as nes or 


BAB. IT MM pape 
TZ Or 


(arf 5 STM) g | (16) 
( T 
and 
0E. 0Timn) g, | oT i 
Ot or “ar ee 
(pr @Tomi, — _ [pT in) 
|e aap |e ap 
HBr, OT(MN] OT [MN] ma 
= | spe MN 
| or Ot a | Or r=0 
ma 0? T[MNI _(y &Tun) 
fe Avor d7= =-\e. rae dr. 
(17) 


In view of Eq. (17), Eq. (16) reduces to zero. 
Taking account of this, we obtain 


dV é 
[MN] + jorltmn) 
dz 


A { Nise Minmcies yay getg 2 
ae Vesa) || a | raras =o. (18) 


Aad Derivation of dV anny /dz 


We substitute (3) in the first and second 
formulas of (14), multiply them by —[6T arn, 
/@0c]rdrdz and [dT uy)/Or]rdrdz, respectively, 
then add and integrate over the cross section. 
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For the term containing E., we have 


_{{ BE. 8Tow 
VE OG Qdt 


-\\ OB IT a payde 
or 


Or 


A ( B rar] {Eee 
Vee | Ot t=-1 


Lp Tan 
= Ey Ant ac } 


Al 


rdrdt 


—larz SF ao 


ere |e 
_\"5 (22s +t Nay 
0 or Or 


= | (= an 0? Tuy 4 Tom 
= |e YZ Or? or 


ie Tax) jrarae 
Or 


x 


oS | [ {Grom Tam) rdrdc. 


From this result, we can obtain 


dV) _ 
dz Jwe 


he s Vanyy | Veer: spe | rads 
z @20T 


0Ti01 
or 


ee (oN 


) 
Touny 


=— Vion Zon. Fler 


wus B 


x CH ony T amy) rdrdt+ Veo 2 
ove, B 


x |\-ZinGtovTondrdrde (19) 


4.4. Derivation of dJ(o1j/dz 


Substituting Eqs. (3) and (9) into the third 
formula of Eq. (14), multiplying it by (dT 101) 
/orjrdrdt, and integrating over the cross 
section, we obtain 
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dio on LP ((_ a7 
aa ae Von = I [MN] 


. 2fm1 rarae+\ er yo Ttmn] 9T{01) we rac | 


Ore,OT Or 


+ Tarn : 22 Fam OT or) rdrdt 13m 
B Or 


or we 


1 eT oT 

+ Tony B \\ CY. ae a rdrdt 
2X" cony 

x E 2 a (20) 
wus 


4.5. Derivation of d/[mno/dz 


Substituting Eqs. (3) and (9) into the third 
and fourth formulas of Eq. (14), multiplying 
them by [—07tmnj/e207]rdrdze and [0Tpunj/07] 
xrdrdc, respectively, adding integrating over 
the cross section, we get Eq. (22) in view of 


a5 (21). 


| _ tr Tin) 9Temni — 7 07[MN} 
] B ore,0r or Bed 


« OFM FGttonTony 2 Jrarde 
Or oe 
oe vdrd D 
Nee ; ice Ae rdrdz; CAD 
dz a 


x| c Tun OTN ygyg7 
Z Oté,0t €:0T 


1 OTIMNI 44,4. 
=— ioueog int ge didc. 
(22) 


4.6. Derivation of dlouny /dz 


Substituting Eqs. (3) and (9) in the third 
and fourth formulas of Eq. (14), multiplying 
them by [dJain)/dz]vdidz and [0 Tauny/e207 ]vdrdc, 
respectively, adding and integrating over the 
cross section, we get Eq.(24) in view of 


Eq (23). 
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ne 0? Tony oT any 1 OT amy OT cany 
Z  oror Or Zz or Or 


t OTary OTam tr &T any 
B or €20T B or 


x IT enw 
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€20T 


jraras=o 


Ne Tarn Re rare =0, 


= te Of ax OT an 
B Or €20T 


Tip OL em OL cin 
B or? €20T 
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(23) 


d/iun : 1 
ea +joeV army — = fans 


0° T om OT ayy , 
x Z 
{ee dcor or pe 


it OT aw 5 
= [te toy \\r7.0n Aye 2 rdrdc. (24) 


5. Integral Forms of Magnitudes 
of Generated Unused Modes 


The TE); mode is excited at the entrance 
of a sector waveguide by the TE,, mode of 
rectangular waveguide. This sector TE); mode 
is modified gradually to the circular TE, 
mode through the transducer section. The 
circular modes excited at this section are, 
however, not limited to the TE), mode; there 
are also suprious TEyn and TMyn modes. 
To calculate these latter modes excited con- 
tinually in the course of propagation through 
the transducer section, a reciprocal method 
based on the reciprocal theorem is applied 
here. 

The magnitude of the TE); mode that is 
generated from TEyn or TMyn modes 
coming from the circular waveguide to the 
transducer section and propagating through 
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this section is calculated. Exactly speaking, 
the energy of the primary TEymn or TMwmn 
mode must decrease due to the conversion to 
the TE); mode, but it is assumed here that 
the primary wave remains constant because 
the secondary waves generated are very weak. 
Also, the generated TEyn or TMmn modes 
(tertiary waves) due to the reconversion from 
the TE); wave generated are neglected. 


TE); Mode Generated from TExy 
Mode 


Combining the terms relating to TEyn in 
the right sides of Egqs.(15) and (20), we 
derive a second-order linear inhomogeneous 
differential equation concerning Vj{01): 


d?V_i0 eal) 
dz = A ras 1+ (s%on- se) Vion 
= —jorg(z) In] (25) 
where 
see! 0Ttmni 9Tt01) 
&(Z) alle ie xy vdrdt 
2Ttmn1 9Tt01) 
+ {er aa: ay rardc } 


foas=—/ 2 - fied IS Btonjdz 


Vooul= Sony) ye eiBoone, 
od Bto1] 


Solving Eq. (25), we obtain 


Vioul= of ae 
V: ae 2a Brory 


x i V Bronig(2) 3 | i [on] B 7 eae 


(See Ap- 
pendix) 


- giMN] =ejPtoGo—D 
01) 2 Tin 


x I, Vv ort Sa. 
(26) 


{ fMN])? 
Soy | 
which is generated while the TEyn mode of 
unit power passes through the transducer 
from the circular guide to the rectangular 
guide. 


is the power of the TE); mode 


TE,); Mode Generated from TMxx Mode 


In a manner similar to that shown in the 
previous section, we get an inhomogeneous 
differential equation concerning J[{913: 


a2] 1 di 2 
ee ae ty +P to13lto1= Vary (27) 


where 


eit 3 
H= Jaa | Peon +o%pehs | 
jou 


| Sahel aT; 
m=Lonp [JerTor a rdrdr, 
oe i i Stra ee 
WUE 


B or or 
ee ae Too STO ede 1— Lox ! 
or or we 


ae / = Bow gif Borde 
Blo), oJPto11z. 


Trou= - Senay) 2 
z on 


Solving Eq. (27), we obtain 


feo =y/ 2 Boo cou eae = 
z Von 528°" to1) VW wpe 


(See Ap- 
pendix) 


ab Mess (opto), Pom Hom] 


SM) _ i8to1(@o—D 1 
[01] 26°"00 v7 ope 


«| V Boon [Sco 


ae eee (Beery — Frade (28) 
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[01] 
which is generated while the TMyn wave 
of unit power passes through the transducer 
from the circular guide to the rectangular 
guide. 


2 
is the power of the TE); wave 


=< 4,(Z) 


ae | 
ne) 6. Numerical Calculation of Integral 


Form 


Calculations are made of the magnitudes 
of the unused TE,,, TEs, TE3:1, and TM, 
waves which are generated at 24kMc in our 
transducer whose inside diameter is 22.2 mm 


Fig. 6—Universal curve of 2(z) for TM wave. and whose length is 220mm. Integrations 


2MB 3MB 2 
TT 
2MB 2 _™MB\ 1MB 
2 eels z(= p ) 
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are made numerically by the Simpson method. 
The results obtained are shown in Table 1. 


Table 1 
| TEy | TE, | bolle Bult 
! a 
Generated i Pie as 
Power (dB) | —15 | Sa 33 ily 


7. Comparison with Measured Magnitudes 


The magnitudes of unused modes in the 
24kMc band are measured with Miller’s 
coupled wave transducers.“ Though the 
transducers used for the measurement. were 
fairly good, the error of this measurement 
cannot be reduced below 1dB for the unused 
modes at a level of about —20dB. Measured 
magnitudes of unused TE,;, TE2:;, TE3:, and 
TM,, waves agree with calculated values 
almost within 1 dB. 


Conclusion 


It is experimentally known even when it 
is made with precision and has good con- 
duction, the TE); mode transducer of this 
type generates unused modes. 

The author accounted for the cause of mode 
conversion, which had not yet been known. 
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Appendix 


1. Electric and Magnetic Flelds 
in Sector Waveguide 


1.1 TE Wave 


Only the waves coupled with the TEo1 
wave are described here. 


T=Jn(y”) cos po 


B= 7 __ 1 pr) cin 9) 
rop a 
Ey= af =—7J0'(4r (cos Pg) 
Y 


*, sin pd=0. 


Fig. 9—Cross-section of a sector waveguide. 


Hence 
p=mz/¢. (m=0,1, 2::+::- ) (A-1) 
Next 
E3=0 in) -r=a,. 3 Js GB=0. 
Hence ya is the zero of Jy’. Here 
p=mr/h=m7B/z 
(A-2) 
po=mrt. 


Normalizing Ttmn; by the factor determined 
from 


a 1 a 
Zona) V"rtmrdrde = ie 


we obtain Eq. (4). 
1.2 TM Wave 
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Only the waves coupled with the TE,, 
wave are described here. 


T=Jp(Qomy) sin pd. 


Here yma is the n-th zero of Jv. In this case, 
we also obtain the following formulas. 


p=m2/¢=mrB/z, pd=mre. 


Fig. 11—T 113 =/p(xtpu) cos x. 


Fig. 12—T 1) =Jp au”) sin zt. 


Normalizing Tann) by the factor determined 
from 


1 a 
| [;Peenrdrde=1, 
—1J0 


we obtain Eq. (5). Figs.10, 11, and 12 are 
the patterns of the electric and magnetic fields, 
which show Tyoy=Jo(x001”), Th1I=/eCxtp1) 
xcosazt, and Tan=Jp(%cpn”) sinze respectively. 


2. Vand I 


pele Le Wave 
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Rewriting Eqs. (18) and (22) of Section 4, 
omitting subscripts [MN] and [oN], we obtain 


dV x 
Se +jopvl+b(z)V=0 


d 
ar ae 
Fe eV ts I=FetiBione, 
Z jou 


where 


ele ea 
b(z)= . \\) ar | rdrdt 


Ui Aes = ie Cie rdrdrt 


z\)\ dredt e@0t 


1 dyer 


XCoe1] dz 


il 1 
b =— —2 a 
(z) +f) : x0013/[013 B 


x \fertion ae rdrdc=Fe + JPi02, 
@0T 
(A-4) 
Substituting J, which is obtained from the 


first equation of (A-3), in the second equation, 
we get 


db Fel&to1z 
+ | 2 +f(2)b() ees Ve : : 
dz Fe—iStouz J 


(A-5) 


The homogeneous equation of (A-5) is 


eV Ady db - 
ets +48 +f(2)b(2) + a2 {V=0. 


(A-6) 
Electric Field 
Changing the form of (A-6), we get 


d2Va pede 


ar te Gy, TA@V=A@V, AD 
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where 
" Rigs ars ate 
Qa=PR+ 2 B dz? 
al ee 
7 ela) 4 2 


bats + —f(2)b(2) — 


The solutions Vy) of the homogeneous equ- 
ation of (A-7) are B-!2z-12e#isPdz, We can solve 
(A-7) by approximation when d(z) in the 
right side is very much smaller than Q(z) in 
the left side. At first we write (A-7) in the 
following form: 


2 
ye + — : tO) V= ed(z) V. 
dz? Z dz 


Substituting V=V,+eV, in the above equation, 
we get 


iy da GV, 
dz |‘ z dz 


+ Qe Vor a 


no oe +Q@MVi |=edC@)[VateVil 


Therefore: 


d? Vi ee 1 dV; 
dz? we (6s 


+Q(Z)Vi=d(Z) Vo. 


We get V, from the above equation, and the 
approximate solutions of (A-7) are 


Vp Pz Pesisaa| ise | oe dz (A-9) 


Hence, in the area where 


j Z) 
9 Ne ere we 


have 
Vep-te2 *ee=siede, (A-10) 
Wave Admittance 
From the first equation of (A-3), 
foo aia ee (A-11) 
jon | dz is 


Substituting (A-10) in (A-11), we get 


I : 
= — >t — + 
Y V aye [1+j4,] 
where 
i ae er eee 
5 gt De aoe 


In the area where 6,<1, we obtain 


Van 


oO 


therefore: 


l= ae B V= =e 1 - B21 Petisedz 
or OU 


V aud J of unit power: 


V= res "A op erissdz 
2 B 
f= 9) he p er iSde, 
WL 


2.2 TM Wave 


In the same manner as with the TE wave 


(A-12) 


> 


we get 


V= v= y 8 etiSSdz 
baa We 
eae y eee / OF pxissae, 
3 6 


(A-13) 
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Magnetic Gate Circuits Controlled by High 


Frequency Signals* 


Ichiro ENDOt and Kikunobu KUSUNOKIt 


In a transformer in which a magnetic core is used, the relation between the output 
voltage and the input current is not linear. By arranging three or four cores having such 
nonlinear properties, and by choosing the number of turns and the direction of each core 
winding properly, a gate circuit controlled by high frequency signals is obtained. The gate 
circuits are inserted between parametron circuits for the purpose of economizing the circuit 


elements. 


The principles and the experimental results of a three-core gate circuit, a four-core gate 
circuit (or triple balance modulator), and their applications are described in this paper. 


Introduction 


Recently, the parametron in which nonline- 
ar magnetic cores are used is being widely 
applied in the logical circuits of electronic 
computers and in electronic telephone ex- 
changes. The input and output currents of 
the parametron are high frequency signals, 
but it is often desirable to obtain ON-OFF 
output signals. In this case, the method of 
superposing the output signal of the paramet- 
ron itself, or of using a special type of para- 
metron (a flip-flop parametron) is often adopted. 
The gate circuit described here is another 
type of ON-OFF circuit. By using nonlinear 
cores, the input signal is gated by a high 
frequency signal or by a parametron signal. 
The features of the circuit are low power 
consumption, high speed, and simplicity. 


1. Core Characteristics 
1.1. Analysis 


The relation between the magnetic flux 


* 


MS in Japanese received by the Electrical Communi- 
cation Laboratory, Feb. 28, 1959. Originally published 
in the Kenkyt Zituyoka Hokoku (Electrical Communt- 
cation Laboratory Technical Journal), N.T.T., Vol. 8, 
No. 7, pp. 1079-1087. 
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density (B) and the magnetic field intensity 
(H) of the ferromagnetic core in the unsaturat- 
ed region is well-known as Rayleigh’s formula. 
It is required, however, to generalize the 
formula for application to all types of magnetic 
cores. 

If the maximum magnetic field intensity 
(Hm) is small, the flux density is not saturat- 
ed. The magnetization curve is as shown in 
Fig.1. Here, the inclination of the curve 
(tan@) tends to increase as Hy, increases, 
and the relation between B and H is given 
in the following relation. 


+7 (Hm? —\H?) Q) 


where, @, @,-°*°°° °° and y are coefficients 
related to the material of the core. As usual, 
p is approximately 2. Now assume H=Hn, 
cos wt, and the flux densities, for t=0~7/a, 
are given from Eq. (1); 


BA) = (@ +2Hn+a3Hn? + eishsiesie's ) Hn co swt 
+7Hn?(1— cos? wf), 
and for t=z/w~2z/a, 


BD =(a,+a2Hm+a3H in? + oor wale cos wt 
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—y H,2(— cos’ of). 


Fig. 1—Magnetization curve of a ferromagnetic 
core in the unsaturated region. 


Expanding these functions into a Fourier 
series, we may write 


BO =(ai te2Hm+a3Hn? + sisisiesie Wale cos wt 
+ (87Hm?/z) (sin wt/3— sin 30t/1+3-5 
= sim 5ot/3+5+7 — eee), (2) 


Then, the electromotive force (e.m.f.) induced 
across the secondary winding shown in Fig. 
2 is given by 


e=kn dB/dt, 


where & is constant; hence, from Eq. (2), the 
following equation can be obtained: 


e=—knw {(a,+a.Hm+a3Hn? 
sereeeee )Hm sin ot — (87 Hn?/z) (cos wt /3 


— cos 30t/1-5— cos 5ut/3+7 —- +++ +e Sf 


Fig. 2—Core winding. 
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If the higher harmonics are neglected, the 
next relation can be found: 


e= —knw{(a,+e2Hn+e3Hn* 
a ) Hn sin ot —87 Hn? cos wt /37} 
= —kno{(a,+a2Hm+a3H mn? + Perris De 


+ (87Hmn/3x)?}!? Hn cos {xz/2—(et—¢)}, (3) 
where 


g=tan"! 87Hm/32(a1+02Hm+a3Hmn* +--+ ) 


and ¢ is the phase delay of the e.m-f. due to 
the hysteresis loss. 

Since the shape of the hysteresis loop is 
determined by the value of Hn, 7 of a given 
core is also found as a function relating to Hn. 
The amplitude and the phase of e in Eq.(3), 
therefore, are decided uniquely by Hn. 

In the above description, it is assumed that 
p=2 for simplification, but even for other 
values of p the fundamental component of e 
is given as a function of Hm only. 

Thus, on the assumption that E is the 
vector indication for the fundamental compo- 
nent of the e.m.f. induced in the secondary 
winding per unit turn (see Fig. 2.), E can be 
expressed generally as follows for the arbitrary 
value of the input ampere-turns A (root mean 
square value: r.m.s.): 


E(A)=En(\A) exp Cj {z/2—e(A)} JA/|A| 
(4) 


Here, E,, and ¢ are functions of the absolute 
value of A, the former being the amplitude 
(r.m.s.) and the latter being the phase delay 
due to the hysteresis loss. Moreover, the 
coefficient A/|A| means that Eis reversed by 
inverting the polarity of A. Thus, Eq. (4) is 
the function characterizing the properties of 
the core. 


1.2. Characteristics of Ferrite-core Type 
L,D, (a toroidal core whose outer 
diameter is 4mm, whose inner dia- 
meter is 2mm, and whose thickness 
is 1 mm) 
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Some non-uniformity is found in the charac- 
teristics of Em and » among cores of the 
same type. Representative values which were 
measured in the circuit of Fig.2 are shown 


in Fig.3. The frequency of measurement 
was 1 Mc/s. 


Output e.m..per turn, £, (V) 


Phase delay of e.m.f. due to Hysteresis 


loss, v (Degree) 


OF OFT 0e2 
Input Ampere-turn 4 


O.g--054 051076 0.7 


Fig. 3—Characteristics of ferrite-core type L2D,. 


2. Gate Circuit with Three Cores 


2.1. Principle 
In Fig. 4, on the assumption that E,, E; 
and E; are respectively the vectors of the 
fundamental component of the e.mf. per 
number of turns 73 for each core, the follow- 
ing equations are obtained: 
Ey =En(\Ait+Ad) exp (j{z/2—9( Ai 
+ Ag)}J(Ait+Ag)/|Ait+Ad, 
E2.=Em(\Ai—Ag)explj{z/2—e (As 
— Aj|)}}(Ai— Ag) /|Ai—Ad, 
E,=En(Ad)explj{2/2—¢CAi)} JA: /|Ai. 


Then the total e.m.f. E, is given as 


Ey (Ai, Ag) =E, PEE. 
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=En(\Ait Adexplj{2/2—0( Ai 
+A) (Ait Ay)/|Ai+ Aj| 
+£En(\Ai— Adlexplj{z/2—9(Ai 
—Ad)}}(Ai— Ay) /|Ai— Ad 
—2Em(\Ail)explj {z/2—(Ai)} 3} Ai/|Ad. 


From the above equations, the following re- 
lations are obtained: 


1) Inverting the sign of A,, we have 
E(— As, Ag) =En(i— Ait Aq)expl j{z/2 
—¢U-Ait+ Ag} )(-AitAy)/|—Ait+Adl 
+ Em —Ai—Ag)explj{a/2—e(—A: 
—Ag))} 1(—Ai—Ag)/|—Ai—Agl 
—2Em(|— Ai)exp(j{z/2—g(Ai)} 
x (— Ai) /|- Aij=—E(Ai, Ap). 
2) Assuming A;=0, we get 
E,(0, Ap) = En(lAdexplj{x/2 
—(Ag]) Ag/|Agl} J+ Em(—Aglexplj{z/2 
—9(|-Ag)} ](—Ag)/|—Adl=0. 
3) Inverting the sign of Ay, we have 
E)(Ai, — Ag) =En(Ai—Ad)explj{z/2 
—p(\Ai—Ag)} ](Ai— Ag) /|Ai— Al 
+ Em(\Ait Ad)expls{z/2—9( Ait Ad))}) 
x (Ait Ay) /|AitAg—2Em(Ailexply{z/2 
—(\Ad)} JAi/|Ad=Ey( Ai, Ao). 
4) Assuming A,=0, we get 
E,(Ai, 0) =En(VAidexply {x/2 


—9(\Ai))} JAi/Ait+Em(QAi)exply{z/2 
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Input winding 
Control winding 
Output winding 


Fig. 4—Gate circuit in which three cores are used. (T: number of turns; 
minus signs meaning reverse winding direction.) 


—9(\Ai))}JAi/|Ad=0. 


It is found that when A,*0, the sign of E 
varies according to that of A:, whatever value 
the sign A, takes, and that when A,=0, Ey 
becomes zero. 

Thus, the input current (A;) can be gated 
by the amplitude of the controlling current 
(A,). 

As shown in the above analysis, for the 
realization of the gate circuit it is required 
only that each core must have the uniform 
characteristics shown in Fig.(4), and that 
the function form about E, and ¢ may be 
arbitrary. 

However, as high output voltage is desirable, 
the nonlinearity of E, against A should be 
great. 

Now assume that A is small and © is 
negligible (as the case when A is less than 
0.15 AT for the core shown in Fig.3). For 
convenience, we consider cores a _ character- 
istic of which is that E,,(\A\)A/|A| can be 
approximated by the first and the third order 
terms on A, and let A; and A, be a signal 
of the same or of the opposite phase. 

Then 


E(A)=j(PiA+f3A%), 
where $, and §3 are coefficients, and the 
second order coefficient £; is negligible. 
And we have 


Ey =j{B1(Ait+ Ag) +B3(Ai+ Ay)}, 


E,=j{81(Ai—A,) + Bs3(Ai—A,)}, 


E3;=j(6:Ait BA#). 


Since these are all same-phase signals, the 
total e.m.f. per turn is written as 


E,=E,+E2—2E3= j683;A:A,°. (5) 
2.2. Experimental Results 


In the circuit of Fig. 4, three L:D, cores 
are used, and the number of turns 7;=72= 
T;=2. The frequency of measurement is 1 
Mc/s. 

The non-uniformity of the characteristics 
of cores are approximately within 10 %, and 
the mean values of §, and f£ are 0.32 and 
26.7 respectively. The phases of the input 
current and the control current are held either 
at 0 or at z phase. The output load im- 
pedance is 2kQ. If the load impedance is 
larger than several hundred ohms, the output 
voltage is almost constant. 

From Eq. (5), the calculated output emf. 
is obtained as 


We = any) Dp x 2 =683A.;A,? x 2, 
=6 X 2.67 X 2A: A,?=32A:A,?. (6) 


The results of measurements are shown in 
Fig.5. Here S/N is the ratio of output 
voltage when A,+0 to A,=0 for a constant 
value of Aj. 

It is found that the relation of phases be- 
tween A,, Ay, and V, is shown precisely by 
Eq. (6). 

The difference between measured and cal- 
culated values in Fig.5 seems to occur due 
to the non-uniformity of £3 of the cores, and 
the omission of the g, term. And the larger 
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difference in the region of small A, seems 
due to the comparatively larger leakage in the 
unbalance of the characteristics of cores. 


10 


Vo (dB ) 


0.03 0.05 0,070.10 


0.20 0.30. 
Ag (AT) 


0.50 


Fig. 5—Characteristics of gate circuit in which 


three cores are used. A:=0.100 AT. 
3. Triple Balance Modulator (T.B.M.) 
Stale 


Principle 


On the assumption that the vector of the 
fundamental component of each core e.m<f. 
per turn in Fig.6 is E,, E2, E; and Ey, the 
total e.m.f. Ey is calculated as 


E,(A, Az, As) =F, +E2+E3+E, 


=En(\Ai+ Ast Aalexp[ j] 5 904i + Aet Aad 


+En(\Ai—Aa—Aabexo(j] 
ea — A, +Aa+ AaDex( i] 
+ BC —A,— A+ Aspexr( i} 


Now 
1) Suppose either A;, Az, or A; is zero as 
before. Then the following relation is 
obtained: 
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E,(0, As, As) Sia. 0, A3) 
=E (Ai, Ae, 0) =0. 


2) Suppose the sign of either A,, A, or As 


is inverted. Then the following relation 
is obtained: 


E.(— Ai, Ag, As) =Ey(A;, — Az, As) 
= eAs, A, —As3) 


EyAG, As Ae. 


Thus, in this case, too, one signal can be 
gated by another signal, and this relation 
may be utilized as a full adder. 

If the above 4 cores are used, and Aj, A» 
and A; are held in the same or the opposite 
phase, then the output em.f. per turn for 
each core is 


E,;=j{8:(Ai+ A2+As)+83(Ai+A2+As)'}, 

E2=j{(61(A1—A2—As) + B3(Ai— Ao— As) 5}, 

E,=j{81(—Ai+ As—As)+8o(— A+ As—As)}, 

F4=j{8i(—A,— Ao+As)+fs(—A1— A+ As)%}. 
Therefore 


E,=E,+E2.+E3+E.=j 2483A1,A2A3. 


)) (Ait+A2+As) 

1) |Ai+A2+As| 
eld As Aad Nae 
(| A,+ As Aa) ) mnt 
FIA Ant AD} a 


3.2. Experimental Results 


Let 7,=72=73=2 and 7,=6. Then the 


output voltage 
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Fig. 6—Triple balance modulator. 


Ve= —jEy — 24 B3AiA2A3 x6 
= 385 A,A2As3. 


And on the assumption |A;|=|A2|=|A3|, the 
following relation is obtained: 


Voe=— 380 Ase. 


The result of measurements is shown in Fig. 
7. Here V, is the output voltage across the 
load impedance of 2kQ. 


10 


— 10}0.088 v- | 
Measured value 


Vo dB ) 


— 20}0.028 V ies 
a AV) 
— 30}0.009 v 
= a 
0.01 OFO2 0108S 1O20510107 On 0.2 


A\(AT) 


Fig. 7—Characteristics of triple balance 
modulator (|A;|=|A»|=|A,)). 


When |A,|/=|A,/=0.1 AT, S/N in A,=0 is 
15.6 dB; when |A,|=0.1 AT, S/N in A», A,=0 
is 29.0 dB. 

It was found that if the phase of either of 
A,, A; or A; was inverted, the phase of the 
output voltage was also inverted. 


PWN re 


4. Full Adder 

4.1. Principle 
By using 3 cores, as shown in Fig. 8, and 
holding the phase of A,,A, and A; in the 
same or the opposite phase, the fundamental 


component of each core emf. per turn; Ey, 
E, and E;; may be obtained as follows: 


E,=j{6:(A1+Az+As) +f3(A1+A2+As)}, 
Ey =j{P:1(Ai:—A2,—As) + B3(A1—A2—As)3}, 


E3=j{$1(—2A)) + 6s—-2A,)*}. 


Fig. 8—Full adder. 


As a result, 
E,=E,+E:+E; 
= 683 Ai{(A,+A;3)?—A,*}. 
In the above equation, 
when A.= — As, Ey>=—j6f3A;° is obtained; 
when A.=A;, Ey>=j68;A,(4A;2—A;2). 
Consequently if 2A,|>|A;|, then 


6 B3(4A2?—A,*) >0. 


VOLUME 8, NUMBERS 7-8, JULY-AUGUST 


Thus, when |A,/=|A;|, the phase relations 
between A,, A, and A; and the output  volt- 
age E) become as shown in Table 1, and it 
is found that this relation can be used as a 


full adder. 


Table 1 


PHASE RELATION OF FULL ADDER 


A A, A; —jEp 
0 0 0 0 
0) 0 ra T 
0 t 0 ia 
0 7 ra 0 
T 0 0 bg 
as 0 1 0 
T T 0 0 
™ T 7 1 


If |A.;=|A,| 4/2, the output voltage is E)=j 
68;Ai;3 when A,—A;, and it is found that 
this value has the same amplitude and the 
opposite phase compared with the above value 
when A,== As. 


4.2. Experimental Results 


Let 7,=3, T2=73;=7.=2 in Fig. 8 and make 
each of the input currents equal. Then, 


|A,J=1.5|AQ|. 


When A,;=—A,, therefore, the output voltage 
becomes 


Vo= —jE)X2= —6f3;Ai2x2 = —32.0 Ai3, 


and when A,=A3;, the following relation is 
obtained : 


A= 6 B3 A, {4x (A,/1.5)?—Ay"} xen 


= 24,8 Ay. 
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The results of measurements are shown in 
Fig.9 and Fig.10. Here V, is the output 
voltage in a load impedance of 2kQ. 


a Measured value 


Calculated value 
32.0413 (Vv )4 


| V, | (dB) 


pele deal els 
0.0570"07- 0.1 OEZ oh} OES) 
A, (AT) 


Fig. 9—Characteristics of adder (A,=— As). 


0.28 V 
0 


Vo (dB ) 


LJ! Je 
0.05 0.07 0.1 O02 0.2 05 
A (AT) 


Fig. 10—Characteristics of adder (A:=<A3). 


As noted above, if the total ampere-turns 
in a core are held within 0.15 AT, and the 
phase delay is almost negligible, then the 
phase relations were found to be related pre- 
cisely as shown in Table 1. 


Conclusion 


Gate circuits in which nonlinear cores are 
used are described. 

The quality of these circuits depend upon 
the uniformity of the characteristics of cores, 
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cuits having a signal-to-noise ratio of 20 dB 
were obtained and that their output voltage 
was sufficient to control the parametrons in 
the following stage. 


and it is desirable to develop cores with larger 
nonlinearity and better uniformity. 

By using the same cores used for the 
parametron circuits, we found that gate cir- 
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Distributed Amplifier Tube’ 


UDC 621838516322 12: 621es7oNOls 


Takuya KOJIMA*t 


The distributed amplifier tube, a new type wide band amplifier tube, has been developed. 
The anode and the grid of this tube are helical lines, and the velocity of propagation of 


electromagnetic wave on the anode line is equal to that on the grid line. 


The signal is 


amplified during its travel from the input of the grid line to the output of the anode line. 
The theory of amplification and the measured characteristics of two experimental tubes 
are described. The amplification band of one of the tubes is from zero to 150 Mc. 


Introduction 


Distributed amplifiers make it possible to 
amplify an extremely wide band signal and 
many works on distributed amplifiers com- 
posed with several ordinary tubes have been 
carried out. 

Distributed amplification in a signal tube is 
also realizable by arranging transmission-line 
type electrodes in thé tube. Several tubes of 
this type have been proposed.‘?“” In such a 
tube the amplification of signal is realized in 
the same manner as in distributed amplifiers. 
It is quite possible to construct a tube which 
has the same gain-band characteristics as that 
of an amplifier made with many ordinary 
tubes. Furthermore, as the electrodes of 
these tubes are made of perfectly distributed 
lines, there is no limit to the frequency band 
that can be amplified. A comparison between 
these special tubes and common distributed 
amplifiers will be discussed in the Appendix. 

In this paper, the theory of the distributed 
amplifier tube and a method of calculating 
the characteristics of these tubes which will 
be useful for designing the tubes are described; 
and also the experimental results of two 
experimental tubes are presented. 
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MKS units are employed throughout this 
paper. 


1. Theory of the Distributed Amplifier 
Tube 


The discussion of the principles of this 
tube, which are identical with that of the 
common distributed amplifier, will be omitted 
in this paper. These principles have been 
presented in reference.‘*? 

The general theory is first described and 
an analysis of the effects of various factors, 
line loss, difference of velocities of the two 
lines, etc.; on tube characteristics is carried 
out by applying general theory. In the suc- 
ceeding paragraph, a method for calculating 
the characteristics of the helical-transmission- 
line electrode is shown. 


1.1. General Theory of Amplification 


The basic mechanism of amplification. of 
this tube is shown in Fig. 1. A long cathode, 
a grid line, and an anode line are all parallel 
from z=0 to z=/. The electrons leaving the 
cathode go across the grid line and arrive at 
the anode line as in the case of the common 
triode. Now, we consider that the electron 
path from the cathode to the anode is 
perpendicular to the axis of electrode lines. 
The constants of the two lines, grid and 
anode, are defined as follows: 

Series impedance of anode line Zi 
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Shunt admittance of anode line Ven 
Series impedance of grid line Le 
Shunt admittance of grid line Ve 
Characteristic impedance of anode line 
Lol Lal Va 
Characteristic impedance of grid line — 
Log= / Y,/Zq 
Propagation constant of anode line _ 
[PES VAS GE 
Propagation constant of grid line _ 
(ges VL, Yq 
Attenuation constant of anode line aa 
Phase constant of anode line Be 
Attenuation constant of grid line a, 
Phase constant of grid line B; 
Density of mutual conductance per unit 
length of the cathode Sm 


2 ) 
LOLOL L OM LLOL KML LOLOL LON ORY) 
| 
Cathode =H Ih 
7 ee 
0 


Fig. 1—Principle of amplification. 


If an ac signal of amplitude E,) is applied at 
the input of the grid line, it will travel on 
the line in the same manner as on an ordi- 
nary transmission line. In general, as the 
matching of the output termination is not 
perfect, there will appear two traveling waves, 
a forward wave and a backward wave. We 
denote the forward wave and the backward 
wave as Eye and Eyge-1t-2 respectively, 
where z is the distance measured from the 
input along the line and /is the total length 
of the line. 
The voltage on the grid line E, is: 


E,= Een? + Epe-t-?, (1) 


and the amplitudes of the input signal E. 


90 


and the output signal £,, are: 


Eg = Eg + Egoet! 
(2) 
Ea — iene + Ego. 


As the electron currents emitted from the 
cathode are modulated by the grid-line voltage 
as in a common. triode, the a-c current 
density per unit length of cathode J is given 
by: 


J=Onk, =9m{ Ege” + Ege t-® } 


= Jie foe (3) 
where 


Si=9nEn 
(4) 
J2=GmE ge". 


The anode line of this tube absorbs the 
modulated electron current throughout its 
length. In Fig.1 this current distribution 
along the anode line is shown. The current- 
voltage equations of this active transmission 
line are given by 


—dEy=Zalidz \ 
(5) 
—dIq= VY gQEadz—J,2-*?dz—Jost* dz 
where £,: anode line voltage 
Ia: anode line current. 
From Eq. (5), we obtain 
PEs =I*By—F ZyaJys-O ol Zon fee 
dz 
6 
= Bla _ pez —] a-Te J Tz : : 
dz =o a ive SF oye". 


The solutions of Eqs. (6) are given by 


egre 


22 


1a Aye + Ags? +L Zoa- 


en 
tial Loar a 


@) 
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A A evr? 
i 1_.-rz Ca i; os 
as eS mee 
ef? 
Ste 
where 
Za, =a oe (8) 


A,, A» are arbitrary constants. 


Let us consider now that the ends of the 
anode line are terminated with the impedance 
X, at the input and X, at the output. With 
these boundary conditions A; and A, will 
be determined. The relations between voltage 
and current at the ends of the anode line 
are given by 


ial, 2a 2 0 
(9) 
Hol eat. 2=1: 
Substituting Eqs. me into (7), we have 


Jip piles (4 rXo 


Xi 
2 ea a a Baal ze 
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of anode line are equal to its characteristic 
impedance Zyq. 


3) Propagation constants of grid and anode 
lines are identical. 


4) Both grid and anode lines have no loss. 
From condition 1, 


i= 

and from 2), 3), and 4), we have 
No i= Zoe 

P=7=]8y=jPa. 


Substituting these relations into Eqs. (7) we 
have 


J:Zoa_{ Q 1h 
Ey=—* —4- 
2 (2 7 98a 


erie ~ 


)-( 


+y7- 1 e~ JBaC2l-z) 
: i 
viet 
n= = 27 JPa 
2 (etiae-) ah 
7X1 )a- Xo ail 
PBA, Te) pel 


0) 


; 
alias = aC Brey O23 eee 
fc Pe ee Ce 

rar Cama ale ee, i 
Dee TZon Lge j 
ae ee a2 pe 


By substituting these values of A, and A>» 
into Egs. (7), we can obtain the solutions of 
the voltage and the current of the anode line. 
Let us now calculate the ideal output and the 
ideal gain of this tube. We postulate the 
following four conditions. 

1) Grid line is terminated with matched 
impedance and there is no reflected wave on 
the line. 

2) Termination impedances of both ends 


ed oe Xs Se ( aay zs 
ae Vet =] — pee 
(1 a Loa JQ Loa ) iva ( 


yet 


e-JBaC(2l—z) ’ | 
J 


ia 


If we write the voltage at z=0 and z=/ as 
E,) and E.. respectively, we have 


SiZoal =p 
ee 1 6 J28al 
Eao=—I~ 5 one : | 
, G2) 
Ben = Aol eit = lB pias } 
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As Eqs. (12) show, the amplitude of voltage 
E,l is independent of frequency and will be 
the output voltage of this tube» On the 
contrary, the amplitude of voltage EZ.) depends 
on frequency and it diminishes rapidly as 
frequency increases. 

In Fig. 2, the frequency response of the 
amplitude and of the phase angle of E.) and 
E,J are shown. The abscissa represents the 
wave number on the anode line (or the grid 
line) instead frequency. 

The output voltage Eun of Eqs. (12) will 
be used in the following discussion as a 
standard output and the output in various 


Wave Number on Anode Line 


0 OD 1 eS 
mili 


Eq 
Si Zoal 


al 
UiZaal 


(a)-Amplitude. 


Wave Number on Anode Line 
0 0.5 1 15 


E al 


Eq 
SZoal 
2 


(b)-Phase angle. 


Fig. 2—Anode terminal voltage at ideal 
amplification. 
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cases will be compared with Euin. 

From Eqs. (12) the ideal gain No will be 
calculated as follows: 

The input voltage of grid line is obtained 


from Eq. (2), 
En=En, 
the gain Ny can then be written as follows: 


= Bas (1/2) 8mEq1Zoal 
Ew <) En 


-¢~IBal 


No 
1 apgaie sl =j 
== 9g Sl Zoas dPal = 9 CmZoat dal (13) 


where G,» is the total mutual conductance of 
tube and is calculated as Gn=Znl. 

In the following sections, we will discuss 
various problems such as impedance matching 
of the lines, differences of propagation ve- 
locities on the two lines, and line losses. 


1.1.1. Effect of Anode Line Termination 


It is two complicated to substitute into 
general Eqs. (7) the various values of termi- 
nation impedance in order to observe termi- 
nation effects on the anode line. Thus, we 
shall investigate these problems under the 
following conditions. 

1) We examine the output voltage only in 

the followings. 

2) Velocities of propagation on both lines, 

grid and anode, are equal. 

3) Termination impedances of both ends 

of anode line are equal. 

4) Termination of grid line is matched and 

no reflected wave exists. 
From conditions (2), (3), and (4) we have 


iad Se a oa. Ghee I=); 


Substituting these conditions into Eqs. (7) and 
(10), we have the output voltage 


Si Zoa 
2- =e 


VEN: XG 
Web = Yi —=—- -Tl 
( rae ( Ve )s 


Di 
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Xx XG xX 
olen at a 
ra ade 
= US -2rl 
Za )e +p}. 


Here we calculate three examples of X/Z).4= 
1/2, 1 and 2, and show the results in Fig. 3. 
In Fig. 3, however, line loss was neglected 
and /’ was denoted as 


(15) 
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as a common transmission line. The current 


and voltage equations of the grid line are 
given by 


Obie =/ el ae 


(18) 
—dh=Y,E,dz 


where Z, is series impedance and Y, is paral- 
lel admittance. 


From Eq. (18), we have 


f=9 85; (16) : 
ae =LyY Ey 
Furthermore the output was represented in dz 
the form of the ratio of F., of Eq. (15) to C19) 
Tj Ol Bg: (12). PI, SA aie 
The ratio Qa=Euai/Eam is given as follows: dz ~ 
aX eee ere) ee 
esa a Patt, it ml) pare 
Fain ce ) cit =f — ) eJBal 
Lye Ley ey.) 
In Fig. 3 the amplitude and the phase angle The solutions of Eq. (19) are 
of Q, vary periodically with increase of wave 
number on the anode line when the termi- Lij=Zy,( Be C— Bie”) 
nations are mismatched. (20) 
I, = Bye? + Bye”? 
1.1.2. Effect of Grid Line Termination 
where i7= 4/7.) 5, Zus=W/Li/ 1a) ane Uopeee 


The grid line termination is easily calculated 


Wave Number on Anode Line 


@) 7 2m 31 


Bal 
(a)-Amplitude. 


4r 


are constants. 


Wave Number on Anode Line 


oO 
N 
w 


(radian ) 


20¢ 


Bal 


(b)-Phase angle. 


Fig. 3—Effect of matching of anode line on output voltage. 
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When the output termination impedance of 
the grid line is x, as shown in Fig. 4, By 
and B, are given as follows: 


Log Kt 
Zeal CARE a Gye ard} 


Eq 


B= 


Lop Hi ___ i 
Se ee 


£9 —> Grid 


Cat hode 


if 


Fig. 4—Grid line termination. 


Substituting B; and B, into Eqs. and (20) 
comparing Eq. (20) with Eq. (1), we have 


. ad LogtXi E 

fs) = Zon — (Log tx1) —(Log—are?" x 
Le — (Log —H1) et" | 

Eq2= —Zoy Bre" = (Log +31 et! — (Log —X1) = 


(22) 


To examine the effect of the grid line termi- 
nation on the output voltage of the anode 
line, we substitute into Eqs. (7) the calculated 
values of Egqs.(20) for various values of 
%:/Zog. To simplify the calculation, it is as- 
sumed here that the anode line termination 
is perfectly matched, the propagation velocities 
of both lines, anode and grid, are equal, and 
no losses exist on either lines. 
From the above conditions, we have 


X=Loa, es [- 


Then Eq. (7) is given as 
ee ee 2Z 


IsZoa I2Loa Sy SrLoa_ 
ear )s ( es 


J:Zoa AOR J2LZoa = J2Zoal ’; z, 
Nhe 4r 2 
(23) 


a 


And the output voltage Ea: is 


S:Zoa Lee) J2LZoa eiPal (1 —e-Js2hal 
Ew= D le-Ji 4 Ap € ) 
(24) 
where /’=jBuz. 


To compare E., of Eq. (24) with Ean of 
Eq. (12), Ea: is divided by Ein and the ratio 
is denoted by 4,: 

> ee oe 
=]|— Sa 
= 2 Bal Ji 


e~ seal), (25) 
From Eqs. (4) and (22). J2/J; is given as 
follows: 


Jn _ be 
Ji Et 


b, eIbal = _ LZog—*i , 


e—J28 Sal | (26 
Log +X ; 


Substituting Eq. (26) into Eq. (25), we have 


1 Log—% 
6,=1 Sg" p—-fabal (| —eniabal 
; + 28al Loe se ‘ 
=1 aby 1 1— (0/ Zon) e-i2fal (1—e-J2fal ), 


Bol A Ga/ Loa) 
(27) 


Calculated results of Eq. (27) for the values 
of 4i/Z,=1/2,—45 2 “are shown wine Pigso: 
Fig. 5 shows that variations of amplitude and 
phase of @, diminishes gradually when the 
wave number increases. 


1.1.3. Effect of Differences of Propa- 
gation Velocities of Anode and 
Grid Lines 


In order to simplify the calculations, we 
assume that both lines are terminated with 
matched impedances respectively. 

Substituting X)=X:=Z), into Eqs. (7), we 


have 
a 


Loa 
Lea pees or 
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emi VA a earl-Ll 
TN Ss rare ar an Cay ar 
ela re ev 
Js ae 2 +I2L Loa Fe * (28) 


|Q9| 


Bal 


(a)-Amplitude. 


2G, (radian) 


2 ig 


us 
Bal 
Wave Number on Anode Line 


(b)-Phase angle. 


Fig. 5—Effect of matching of grid line 
on output voltage. 


As the grid line termination is matched, no 
reflected wave exists on the line. Then sub- 
stituting J2=0 into Eq. (28), we have 
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n= = is SZoa 9-Tz IT Loa =72 
PFS, Pay? 
= ue S:Zoa Eyles (29) 


2) es, 


The output voltage at z= is 


1 1 
Bat= Ile pene) 


1 


Cay 


1 
me 9 SiZoale *" 


The ratio Euai/Eain is denoted as P witch is 
given as follows: 


[DBE = Cl) ee 
Fain (@a+jPa—Ay—fBo)l 


@B)) 


P=aa+jPa  y=Ayt+j Bo. 
Examples for the following numerical values 
are calculated and they are shown in Fig. 6: 


aol =0 Gl =O1e2 


Bol =(0.7, 0.85, 1, 1.15 and 1.3) x Bal. 
(32) 


The curves for a,/=0 are identical with those 
in a former report’? which were calculated 
by a different method. 


1.1.4. Dispersion of Electron Beams 


In the above discussion we assume that 
all electron paths are perpendicular to elec- 
trode axis z, and and an electron departing 
from a position z on the cathode passes the 
grid line at z, and arrives at z on the anode 
line. 

In a real tube, however, dispersion of 
electrons occurs, and electrons departing from 
one point z of the cathode are scattered and 
arrive over a band rather than a point on 
the anode line. This phenomenon lowers tube 
gain. 

We shall discuss the effects of the dispersion 
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of electrons on the simplified model shown 
in Fig. 7. 

We assume that electrons are dispersed 
over a small angle 6 after passing the grid 


Wave Number on Anode Line 


IP| 


0 itt Qn 31 4n 5 67 
Bal 


(a)-Amplitude. 


Wave Number on Anode Line 


ZP (radian) 


(b)-Phase angle. 


Fig. 6—Effect of grid loss and of difference 
of propagation velocities on anode 
and grid lines, on output voltage. 
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Fig. 7—Dispersion of electron beams. 


line as represented in Fig.7. If we remove 
our standpoint to a position on the anode 
line we shall see electrons which are injected 
from the range of the grid line over an angle 
6. Denoting the distance between grid and 
anode as J,;-., we have the range of the 
above mentioned grid line corresponding to 
a position z on the anode as follows. 


— Oilgi-a Silg1—a 
ET Weta PS 


To simplify the calculations, we assume here 
that the dispersion of the electrons is uniform 
throughout angle 6, and that the matching of 
the lines and the propagation velocities of the 
lines are ideal. Then, on the grid line there 
exist only forward waves so that the electron 
currents modulated by the grid line are: 


Jon =SmE qe T? (33) 


where 
P= 


The injection current into the small length 
of the anode line’ dz at zis denoted as J'dz. 
On the other hand the electron current which 
goes towards dz at z on the anode line after 
passing a small length of the grid line dz in 


Ole : 
the range z+ er is represented as 


Ja +—+dz. (34) 


Then, J’ is calculated by the integration of 
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Jo (d6/5)dz over the range z+ (6+la;-a/2) 
Then we have 


oak a dé 
y= Jat : (35) 
Oelg1—a 6 
3S 


Substituting dé-l,;-.=dz, we have 


/ E. belgi-a Oelo1-a 
oe = Gm Pa(e - tee o A) (36) 


ee Orlgy-arl’ 


The injection current when no dispersion of 
electrons occurs, has been given as 


J=OnE nes’. (37) 


Comparing Eq. (36) with Eq. (37), we have 
the following effective mutual conductance 
gm When electron dispersion exists: 


—d+lg1-a, 


Orlg1-a p is 3 r) 


SAE oe 
m m Sipe 


Oe 


(88) 


When we consider a lossless line, we obtain 
the following relation by putting /’°=7fu. 


On! =Onepasin ee (39) 


where D=6:l),-., which gives the dispersion 
length on the anode line as shown in Fig. 7. 

In Fig. 8 gm’ is represented. The abscissa 
of the figure gives the ratio of D to the 
wave length on the anode line % which is 
calculated by the relation 


As shown in Fig. 8, lowering of the effective 
mutual conductance occurs when the dis- 
persion of electron beams increases. 


1.2. Calculation of Characteristic of 
the Helical Electrodes 


In our distributed amplifier tubes helical 
grid line and anode line electrodes were used. 


ARO) 
ic) 4) 
— 
= 
= 
@o 
2 8 | 
aes 
Soh iy ot 
oO 
Lolo so} 
cw 
=o 
25 
s5 6 = : 
aa %e) | 
8) 
0 1 eZ 3 A 6) 


Ratio of Dispersion Range to Wave Length 
on Anode Line D/q 


Fig. 8—Lowering of effective mutual conduct- 
ance by dispersion of electron beams. 


In order to design the tubes it is necessary 
to be able to calculate the characteristic im- 
pedances and the phase velocities of these 
lines. However, the construction of these 
helices are so complicated that it seems di- 
ficult to calculate these characteristics ac- 
curately. Thus, we have developed an ap- 
proximate calculation method for practical 
design purposes and proved the method to 
be effective for grid and anode line design. 

In Fig.9 (a) the cross section of the grid 
helix is shown. As the construction of the 
anode helix takes nearly the same form, we 
shall discuss only the grid helix as follows. 

As it is too difficult to calculate a flat helix 
like our grid, first we transform its cross 
section to the form shown in Fig. 9 (b). 

In this transformation the contour length 
and the distances between the helix and the 
internal conductor are unchanged. The gap 
between the helix and the inner conductor 
is so small that the characteristics of helix 
will not greatly be changed by the above 
transformation. The calculation on the helix 
shown in Fig. 9 (b) is still not easy. Thus, 
we transform it to an equivalent transmission 
line form as shown in Fig. 9 (c). 

In this case the currents on the helix pass 
the short lines through the vacuum and the 
short lines along the ceramics in turn. First 
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7 Ceramics 


S/ 
Inner ‘Conductor 


(a) Cross Section of 


; ; (b) Transformation 
Grid Helix to, Circular 


Cross Section 


(c) Equivalent 
Line Along Vacuum 
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_ Vacuum 
PE 7 


Lie 


(d) Helix (e) Helix 


Along Ceramics 


Fig. 9—Calculation of helic characteristics. 


we compute the characteristics of a line which 
is in vacuum as shown in Fig. 9(d). In Fig. 
9 (d) the contour length and the gap between 
helix and inner conductor are maintained as 
before. 

On the line shown in Fig. 9 (d), we deter- 
mine the equivalent series inductance and 
parallel capacitance of the line in a vacuum. 
Next we calculate the characteristics of a line 
along the ceramics as shown in Fig. 9 (e). 
Then we determine the equivalent inductance 
and capacitance of this line. 

We denote these inductances and capaci- 
tances of the two lines as follows. 


: Line in a vacuum 
: Line along the ceramics 


Ibs Gc 
Ihe G 


We compute the inductance and capacitance 
of the composite line shown in Fig. 9 (c) with 
the following procedures. 

Composite inductance and capacitance are 
calculated by proportional addition of induct- 
ance or capacitance of the two lines according 
to the ratio of their lengths measured on the 
contour respectively. 


Therefore, 
moral ii le 
ODEs ier aa pa a 
(40) 
C= by Cot be el 
Leelee & TRE A 


Where LZ, and C, are inductance or capaci- 
tance of the composite line and /, and J, are 
the length of the line through the vacuum 
and along the ceramics respectively. 


1.2.1. Electromagnetic Fields of 
a Cylindrical Helix 


The analysis of a cylindrical helix has been 
developed by J. R. Pierce and others.” 
They gave the solutions of the electromagnet- 
ic waves of these helices assuming a helix of 
pitch angle ¢@ as a thin cylinder on which 
the current flows for only the direction of 
angle ¢ meéasured from the circumference of 
cylinder. 

In our analysis we use also Pierce’s ideal 
cylinder mentioned above but there are some 
complications in our problems such as _ the 
existence of both inner and outer conductors 
around the helix. 

This comes from the fact that the grid 
helix has the cathode sleeve in it and screen 
grid mesh around it. We calculate then the 
electromagnetic waves for the general case 
shown in Fig. 10. 


Outer 
conductor 
YYZ 


Vis 
fz Material 1 e,. 4, 


jz —Material2 e>, IP 


Fig. 10—Helix. 


Here «,: Dielectric constant of material 
1 between helix and inner con- 


ductor. 
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e:*: Specific dielectric constant of 
material 1. 

é: Dielectric constant of material 2 
between helix and outer con- 


ductor. 
e*: Specific dielectric constant of 
material 2. 


é) : Dielectric constant of vacuum. 


j1: Permeability of material 1. 
” 4 DY. 


p : Pitch of helix. 


@: Pitch angle of helix measured 
from contour of cylinder. 


The general form of the waves in these cy- 
linders is given by 


m= {A°l (Cr) +.B°Ry(Cr)] efor F (41) 
where 
Ih, Ky) : 1st and 2nd kind modified Bessel 


functions 
A°, B®: Constants 


C= +wreu (42) 
8 : Phase constant. 
» : Dielectric constant of medium. 
uw : Permeability of medium. 


Then the electric and the magnetic fields in 
mediums 1 and 2 are given as follows:. 
BOs FF, Tg JEL. He, H,© =e Y 


where suffixes 7, 0 and z represent radial, 
angular, and longitudinal coordinates respect- 
ively. If 


(43) 


f= B?— wei p41 
and \, 


72 = B2 —weo/to 


Wayans 


[i Oe7) B {Ah (Er) = BUG (Er) Oe. 


Pj. (Oh En —D'K Er jel? 
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PL = {Ah én) + BLK (Er) fer ot—B2) 


Hy? =j 2 {CL Er) —D'K, Gr) jeset-P 
Hy®=j =p {AL (E”) — BLK, (En) ei ot-#) 


H,©= (Ch (Er) +D'K,(E”) } ef Cot—fe) 


Te =i¢ {A2], (97) — B2K, (nr) Jet ot-8 


By? = — JA Chr) — DK, Gr) elo? 
F,© ={ AD) + BK (qr) Jel et 


H,? =j (ChGN—DK Gn eer 


Hy ® =] A®h, (gn) — BK, Gor) eho 


H,® =(Cly(qr) + D’K (qr) Jeo 
(44) 


Where J; and K, are modified Bessel Funct- 
jons~and A’ By. Cl 2). ABs C* andem- 
are constants. 

Here we assume the helix is a infinitesimally 

thin cylinder which has lossless conductivity 

in the direction of winding of wire and no 
conductivity in the perpendicular direction. 

According to the above nature of the helix, 

we have the following boundary conditions 

which are applicable to our problem. 

1) On the surface of inner conductor, the 
tangential component of the electric field 
vanishes 
at Ga, 


F,©=F,=0. 


2) On the surface of the helix, the tangent- 
ial component of the electric field is per- 
pendicular to the winding 
at 70, 


Fi cos ¢+F, sin ¢=0, 


3) On the surface of helix, the tangential 
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component of the electric field is con- 
tinuous 
at =, 


FMF, ©, FO=F. 

4) On the surface of helix, the tangential 
component of magnetic field in the di- 
rection of winding is continuous 
eiikye= es 


H,cosp+ Hz sing 
=H,@cos¢+ H.sing. 


5) On the surface of outer conductor, the 
tangential component of the electric field 
vanishes 
at r=c, 


F,® =F, =0. 


From Conditions 1), 2), 3), and 5), we have 
following relations between the constants. 
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= {Ip (Eb) Ky (Ea) — In (Ea) Ky (Eb)} 


I, (nb) Ko(ye) tO ET | 
Iy(nb) Ko (ne) — Ione) Ko(mb) 


= {1)(€b) Ky Ea) —I,(€a) Ky(¢b)} 


seh? I(nb) Ki (0) +h Go) Ki 7) 
Le I,(9b) Ki, joe) —h(goe) Ki (mb) 


_ €& AEdK, (a) +h ee 
m (6b) Kia) -h (Ea) Ki (Eb) 
(46) 


Substituting the relations of (43) into (46), we 
can compute $ and we can obtain complete 
solutions of the electromagnetic waves of the 
helix. To make the calculation easier, we 
introduce here some assumptions which are 
valid in a practical tube. 

First we can assume that 


eo AE) 
Epa Ea) 
Ca ey UGS —Ih(Ea) Ko(§b) EO p1 
aoe 1,(€b) Ki (Ea) —I, (Ea) Ky (€b) ~ Kya) 
ie ee j 10Gb) KoEa) — (Ea) Ko(Sb)_| ha) 
JOLY I,(€b) Ki (€a) —1,(€a) Kk, (6b) " K,(€a) 
Ae In(€b) Ko(€a) — I,(€a) Ko(€b) Koo. (45) 
1)(qb) Ko (qe) —In(yc) Ky(yb) ~ Ky(Ea) 
pa I)(€b) Ky Ga) —h (Ea) Ko(Eb) _ Ae) 
I)(qb) Ko(gc) —In(nc) Ko(nb) ~~ Ko(Ea) 
Cm as an ¢ 10650) Ko(Ea) — Io(Sa) Ko( £6) PIG ay 
jou 1,46) Ki (nc) —(ye) Ky(nb) Ko (€a) 
VB eee t 1h(€b) Ko (Ea) — —Ih(€a) Ky(Eb) AG) 
joe” © 7, GB) qe) =e) KB)” Ky(Eay > 


From condition 4), we have 


w2 
tan’ 


[2 {I,(€b) Ky(6a) +Iy(€a) K, (£6)} 


because the pitch of the grid and the anode 
helices of our tubes is very small. 

Secondly we consider a helix having no 
surrounding shield. The screen grid of the 
tube is set much farther than the cathode 
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from the grid helix and the neglect of screen 
grid will have little effect on the field around 
the helix. 


Then we set c>0o 
(c=radius of outer cylinder). 


Thirdly the medium 2 in Fig. 10. is con- 
sidered to be a vacuum and the permeability 
of medium 1 is also identical with that of a 
vacuum. We then have, 


&2 = £0 (48) 
AE Mays 


Substituting the above formulae into Eq. (46) 
we obtain a simplified equation for § 


355 


The electromagnetic fields of the cylindrical 
helix can be calculated completely from Eqs. 
(44) and (49)’. In the following section we 
will consider the equivalent current and 
voltage on this helix and from them we will 
calculate the inductance and the capacitance 
of the equivalent transmission lines of the 


helix. 


1.2.2. Equivalent Current and Voltage on 
Helix; Inductance and Capacitance 
of Equivalent Line 


The equivalent voltage of helix line E is 
defined as the integral of the radial com- 
ponent of the electric field from the surface 
of the inner conductor to the helix surface. 
we calculate it from Eq. (44), 


b= \"Rdr= \‘i4 1,(8) 
b b { 


OPE ofo 
B tan? @ Ih(Ba) K, Lata wg) (ot—B2) 
Reale oleae 
I)(8b) Ki, (Ba) +1, (Ba) Ko( Bb) as He 
I, (8a) K, ($b) —1,( 8b) Ky (Ba) 1 aks {7 08a) Aiea ee 
hi( 8b) Ko(Ba) +To(Ba) Ki(Bb) _ Ki (8b) ° Bi hea cen} ; 
*! To(Ba) Ko( 8b) —Iy(8b)Ky(Ba) Ky (8b) 
cae = 5 (Bb) Koa) — Iy(Ba) Ky(86)} 
From Eq. (49), we obtain the value of 8. es 
With this 8 we calculated the constants Bee ees tte (50) 
Tommaso lO Se ns 
1 fo(8@) a1 
ei Ko( $a) 
; B I,(8b) Ko( Ba) —In(Ba)Ko( Bb) | Ki(Pa) yy 
C= Fa, 0 $78) K, (Ba) 1a) Ki (b) Kol Bay 
Iy( 8b) Ko( 8a) — In Ba) Ko( 8b) _, I, (6a) 
Di=— 357,180 6-7 (ap K (ba) =hi(BayKi(B) ” Ky(Ba) 
(49)’ 
Ac () 
pe In (8b) Ko (Ba) — I,(8a) Ko( Bb) A} 
Ky (Ba) Ko( fb) 
C=0 
o(Bb) at 
ee ae Iy(8b) Ko (Ba) — (Ba) Ko( 86) _y 


JOLo K(Ba) Ki (8b) 
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The current is calculated as follows. 


=a — HH.) r= 


= —p I,(Bb) Ko( Ba) — In fa) Ko( Bb) A { Ki Ba) 7 gp 4 Aha) 5 8b ) 
=| =F tan $F aK Ch aL, (hay) ) | Ko(Ba) e Ko($a) i a 


>. B- I)(8b) Ko( 8a) —In( 8a) Ko( fb) K,( b) |Aleiot-22) 
Jol eng Ky (fa) K1 (fb) oS | ee 
= — p—Ptan $ {I9( fb) Ko( Ga) — lo( Sa) Ko( 669} 
Joo 
| I)(8b).K, (Ba) +I, (Ba) Ko( 8b) el aL Ko( fb) Aes 
1,(8b)K, (Ba) —1,(8a) Ki (Pb) Ko(Ba)  Ko(fa) Ki (6) 
Using the voltage and current calculated a é 
above, we define the characteristic impedance . 
of the helix 4) 
i 
2 ier 
Zy= (52) 4a 
: where E is voltage and J is current. Then 
The Z is represented as follows. Wiel ante 
___ Of *) ob a 
n= se tang ae rte < 
(59) 
Iy(6b) Kia) —h (Ba) Ki(6b) | Ki (6b) ec) ie 
In(8b) Ki (8b) +.(8b) Ko(8b) Ki (8a) jo E dz 
__ofod Ki (fb) | On the other hand, we have from Eqs. (50) 
pBtand K,(Ba) CER) Ei Pa) and (51), 
—I,(Ba)K;(Bb)}. (53) db = 
r= dz =jBE 
As shown in Fig. 11, we consider a_trans- (56) 
mission line equivalent to the helix where _ aI _ioy 
series inductance and parallel capacitance are dz JP 
represented as L and C respectively. The 
current-voltage equations of this line are From Eqs. (55) and (56), line inductance L 
written as follows and capacitance C are given immediately. 
Sp eee 
E =i, i o I «a 4 


en eas fi (57) 


If we calculate inductances and capacitances 
of the two lines of Fig. 9 (d) separately by 
Eq. (57), we can compute the inductance and 


Fig. 11—Equivalent line. 
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the capacitance of the composite line of Fig. 
9 (c) by the proportional addition of the two 


lines according to Eq. (40) of the preceding 
section. 


1.2.3. Electron Modulation of Helix 
Type Grid 


If we examine the Eq. (44) precisely, we 
shall find that the electro-magnetic field of 
the helix concentrates in the neighborhood 
of the helix at high frequencies. 

This can be deduced directly from Eqs. (44) 
and we show an example of calculated results 
in Fig. 12. 


Cathode Helix 


(V/m ) 


(1), 
es 


A'=1V /m 
a=5mm 
46= 10mm 


Radius Component of Electric Field ~ 


Pe Se re c 
S ine) a= a oo on bs (o>) 
on 


10 (mm ) 
6 


Ole er 9 


Radius *——~> 


Fig. 12—Concentration of electric field 
in the neighborhood of helic. 


This means the electric field at the cathode 
surface becomes small and modulation of 
electrons becomes weak when frequency in- 
creases. We compute this decreased modulat- 
ion of electrons as follows: 

We have a formula which gives the re- 
lation between the cathode current density 
J, and electric field on the cathode surface 
F.. 
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Ji=KF;}/2 (98) 


where K is a constant. 
If we consider the superposed field of the 
d-c component F, and the small a-c com- 
ponent AF, we have an a-c component of 
cathode current 


Aj = KF} 2AF. (59) 


If an a-c signal whose amplitude is con- 
stant but whose frequency is varied from low 
to high is applied to the grid helix the modu- 
lated current density will become small at 
high frequencies as can be easily deduced 
from Eqs. (44) and (59). 

In the following we examine the radial 
component of the electric field at the cathode 
surface as a function of frequency. 

The a-c electric field at the cathode sur- 
face is given by 


AF=(F,®)raa=j{ Ath (Ba) — B'K,(Ba)} ef 


— { Aba) | LejCob— Zz) 
j ke (Ba) + K,(Ba) Kk, (Ba) ie B 


(60) 
On the other hand, voltage applied to the 
grid helix was given by Eq. (50) 


E= , {Iy(8b) Ky(Ba) —In(Ba) Ko( Bb) } 
A’ J Cot— Bz 
aa, A _ 


To examine the a-c field with unit voltage 
on the grid, we divide AF by E. 
Then we have 


AN L,(8a) Ko(fa) +l(8a) Ki (fa) : 
E — In(8b) Ko( 8a) —1p( Ba) Ko( Bb) 


B 


1 1 
~ a 1y(Bb) Ko(Ba) —In(Ba) Ko( Bb) * 


(62) 


Before we examine the frequency dependency 
of Eq. (62), we calculate the value at zero 
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frequency. 
Substituting 8=0 into Eq. (62), we have 


ON a et one (63) 
aoe ee. a log b/a 


This corresponds to d-c field at the cathode 
surface of a cylindrical electrode diode. 
Theiratios of ac field of Eq. (62) to the dc 
field of Eq. (63) are plotted in Fig. 13 for the 
following examples: 

a:b=0.8:1 and 0.5:1 where a and Db are 
radii of cathode cylinder and grid helix res- 
pectively. 


SS ES Key ee Sy ee oS) 


rary 


Bé 


Fig. 13—Lowering of electric field at cathode 
surface in high frequency region. 


In the case of a:b=0.5:1, considerable lower- 
ing of the a-c field occurs in the high fre- 
quency region but in the case of a: b=0.8:1, 
lowering effect is negligibly small, as in our 
practical tube the ratio of a/b is greater than 
0.8, we can neglect then the frequency de- 
pendency of the cathode surface field mention- 
ed above. 


2. Examples of Experimental Tubes 


In preceding section the amplification theory 
of the distributed amplifier tube and the 
calculation procedure of the characteristics of 
the helical electrodes which are used in the 
distributed amplifier tube are discussed. 

In this section a few examples of experi- 


REVIEW OF THE ELECTRICAL COMMUNICATION LABORATORY 


mental tubes made in our laboratory are 
presented. One tube amplifies over the fre- 
quency band of zero to 150 Mc/s. 

In Fig. 14 a photograph of a sample tube 
is shown. 


Fig. 14—Tube of Section 2.2. 


2.1. Experimental 30 Mc Bandwidth 
Tube 


2.1.1. Construction 


As its cross section in Fig. 15 shows, the 
tube is a coaxial type tetrode with the cathode 
in the center, about which the control grid 
helix, the screen grid mesh and the anode 
helix are placed. (The general construction 
is same as that shown in reference (3)) Princi- 
pal dimensions of the tube and electrodes are 
as follows: 


Total length of envelope : 95 mm 
Diameter of envelope 44mm 
Cathode : Oxide coated 
Length 50 mm 
Emission Area 4.8 cm? 
Grid Helix : Length 40 mm 
Wire diameter 0.03 mm 
Pitch 0.15 mm 
Total wire length 10 m. 
Anode Helix : Length 40 mm 
Wire Diameter 0.2 mm 
Pitch 0.289 mm 
Total wire length 10 m. 
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2.1.2. Static Charcteristics 


In Fig. 16 Static Characteristic curves are 
shown. 


2.1.3. Amplification 


In Fig. 17 the amplifier circuit is shown. 
For the purpose of cancelling the effects of 
the stray capacitances of the tube output 
leads, a low-pass filter circuit is connected 
at each line terminal. In this way a match- 
ing of lines is accomplished. 

However the cutoff frequency of these 
low-pass filters limits the bandwidth of the 


Glass envelope 
vA 


Anode helix 


Screen grid mesh 
le ae Cxthode eS 
vo. 


\ 
U Metallic 
Poe | Heater support 
grid helix 


Fig. 15—Cross section of experimental tube. 
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amplifiers. 


The measured amplification gain versus 
frequency is plotted in Fig.18. The gain is 
generally flat in the amplification band and 
drops abruptly above 30 Mc/s. 

The values of the coils of the grid and the 
anode line termination networks are deter- 
mined from the following equation. 


L 
tit 
2Cs 


(64) 


where C; is stray capacitance and K is the 
image impedance of the low pass filter. 


100 
Heater voltage 8.9V 


Heater current 1.6A 


Screen grid valtage 
115V 

Anode supply valtage 
250V 


80) 


60 


Ip, Ig,(mA) 


Mutu'al Conductance G,,(mU ) 
Anode and Screen Grid Current 


20 


192 


—4 =6 =f =i 0 
Grid Voltage £o,(v) 


Fig. 16—Static characteristics of experimental 
tube of Section 2.1. 


SS Se oe 


Cathode 


Fig. 17—Circuit for measuring gain of tube. 
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Gain (dB) 


Fig. 18—Gain of the tube 


of Section 2.1. 


0) 5 10 15 20 25 
Frequency (Mc /s) 


On the other hand the cutoff frequency f. of 
the low pass filter is given as follows. 


ne 1 Peet: 
ARES ON 


(65) 


As the grid and anode line impedances are 
both about 1000 0, we substitute K=1000Q0 
and C,=2.5 pF into Eqs. (64) and (65). Then 


we have 
babel (liga) 


where L, is the inductance of the anode coil, 
L, is the inductance of the grid coil, and f, 
SO VICys: 


2.2. Experimental 150 Mc Bandwidth 
Tube 


2.2.1. Design Improvement 

The cutoff frequencies of the anode and 
the grid lines were increased. The stray ca- 
pacitances of the output leads were decreased 
from 2.5 pF to approximately 1.4 pF. Then 
the impedance of the anode line was decreas- 
ed to 450 ohms and the impedance of the 
grid line was decreased to 200 ohms. With 
these improvements, the cutoff frequencies of 
the anode line was calculated to be 250 Mc 
and that of the grid line to be 495 Mc. 


2.2.2. Construction 


To lower the impedance of a helical line, 
the pitch of the winding must be enlarged. 


30 35 


In the case of the grid line, however, the 
enlargement of winding pitch results in a fall 
of mutual conductance. 

To satisfy these two contradictory require- 
ments, a triply wound helix is employed. 
Principal dimensions of the electrodes are as 
follows. 


Envelope and Cathode: Identical to preced- 
ing tube. 
Grid Helix: Length 37 mm 
Wire diameter 0.03 mm 
Pitch of winding 0.45 mm 
(triple helix) 
Distance of adjacent wires 


ae 0.15 mm 
3 
Total Wire Length: Sts 
Anode Helix: Length 35 mm 
Ribon cross section 
0.15 X 0.05 mm 
Pitch 0.84 mm 


Total Riben Length 3m. 
2.2.3. Static Characteristics 
In Fig. 19, Static Characteristics are shown. 
2.2.4. Amplification 
2.2.4.1. 


Gain 


The circuit is the same as that in Fig. 17 
except for the following parameter values. 
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In Fig. 20 (a) gain versus frequency curve 
is plotted. Fig. 20 (a) shows that the amplifi- 
cation band of this tube is extended to 150 


Heater voltage 10V Mc/s. 
Heater current 15A 
Screen grid voltage 55V 
Anode supply voltage 270V 


The gain characteristics will be discussed 
in detail in section 3. 


2.2.4.2. Phase 


The phase difference between the grid input 
voltage and the anode output voltage was 
measured for the frequency range from 500 
kc/s to 50 Mc/s, with phase measuring equip- 
ment. The results are shown in Fig. 20 (b). 
It is supposed that the irregular variation 
observed in the low frequency region was 
caused by using a bypass capacitor too small 
for such low frequencies. 


Gn (mU ) 


Anode and ScreenGridCurrent, /p, /g2 (mA) 


Mutual Conductance 


3. Analysis of Experimental Results 


Grid Voltage (V) The analysis of the experimental results, 


Pie e 9 sia eharactericiies of tube especially the tube with a 150 Mc bandwidth, 
nae a is presented here. The line losses, propagat- 
ion characteristics of the helical lines, and the 


3 amplification characteristics are discussed. 
Anode line matching resistance R, 4500 


Grid line matching resistance R, 2000 3.1. Line Losses 
Anode Termination Filter Inductance 
Vs Si el The anode line has negligibly small loss 
Grid Termination Filter Inductance because it is a helix wound with thick moly- 
£7—0a3 wit bdenum wire. On the contrary, the grid helix 
Anode Stem Stray Capacitance 1.4 pF has considerable losses. This results not only 
Grid Stem Stray Capacitance 1.6 pF from the thin winding wire but also because 
Anode Filter cutoff Frequency 250 Mc of the increase of the conductance component 
Grid Filter cutoff Frequency 495 Mc caused by the electron transit angle in the 
22 -— + — Seroae - 
20 Ideal Gain-———= 
18 
16 
ao 14 
Se 
Ete 
8 
6 Fig. 20 (a)—Gain of the tube 
4 Section 2.2. 
2 
0 40 60n 80.) 100 120-140 160° 180 
: Frequency (Mc/s 
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| 
an, Calculated 


Phase Difference Between input and 


Output Valtages (Degree ) 


0 20 40 60 80 100 120 140 
Frequency (Mc/s) 


Fig. 20 (b)—Phase difference between input and output voltages of the tube of Section 2.2. 


high frequency region. 3.1.1. Series Resistance 
First, we measured experimentally the grid 
line loss with the circuit shown in Fig. 17. The series resistance of the total length of 
The crystal voltmeters are connected to the the grid wire at room tent per ee 62 Q. 
input and output terminals of line. The loss This resistance, however, increases to 190 0 
which is calculated by the ratio of the output at the operating temperature. , 
signal to that of input, is plotted in Fig. 21. These values increase further in the high 
On the other hand the line loss was cal- frequency region because of the skin effect. 
culated from the following formula. This increase is estimated as 10% at 150 
Mc/s by calculation. Then we compute the 
loss of 1 f Eg. : 
eO 5( R; +Gy2Z (66) oss of Ist term of Eq. (66) as follows 
Zou 
at low frequency 
where a,, R, and G, are attenuation constant, R 190 
series resistance, and parallel conductance of 0.5 x= 5x =U 
Send Zag 200 
grid line. 
at 150 Mc/s 
10 
‘S) 
ee ae 
ee (Experimental ) — 
| | 
~ 6 
25 
pA 
oa ; 
ro) : Fig. 21—Grid loss of the tube 
of Section 2.2. 


| 
0 20) 40 60 80 100 £20 i49 “eomise 
Frequency (Mc/s) 
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R ] 1190 


Ag 7 _ it = 
0.5 Te ORD 0. 522 


The curve 3 in Fig. 21 represents the loss 
due to the Ist term of Eq. (66). 


3.1.2. Parallel Conductance 


The input conductance density per unit 
length of grid helix due to electron transit 
angle is generally given as follows. (6) 


Grel=2Gra- iene (67) 


where 7J._,; is cathode-grid electron transit 
time. 

The transit time Ty-9;, is given by the 
following expressions for the condition of 
zero initial velocity of electron emission. 

= 3le—o1 


a (68) 


Va=5. 93108 o/ Ea 


where /._,; is grid-cathode distance and Ey 
is anode voltage of equivalent diode. 
Substituting the values of experimental tube, 
Ie-gi=150u and Ea=0.86V, we have va=3.6 
<10° and 7._,,=1-2610-* sec: We can com- 
pute now the loss due to 2nd term of Eq. 
(66), when we substitute the calculated results 
of Eq. (68), for each frequency. The curve 4 
in Fig. 21 shows the loss due to 2nd term 
of Eq. (66). By superposing the curves 3 and 
4 in Fig.21, we have the calculated total 
loss of grid shown ~by curve 2 in Fig. 21. 
The fit of the experimental data with the 
calculated curve seems to be good. 


3.2. Propagation Characteristics 
of Lines 


Here we compare the measured line charac- 
teristics with the results calculated according 
to the theory of Section 1. First we give 
the experimental results. 


3.2.1. Measured Characteristics of 
Grid and Anode Lines 


The phase constant is measured by the 
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method shown in Fig. 22 in which the volt- 
meter and ammeter are connected to the in- 
put terminal of the line and the output of 
the line is grounded. 


(*) Voltmeter 


Fig. 22—Circuit for measuring phase contant 
of line. 


The input impedance Z,, of such a line 
which can be measured by the voltmeter and 
ammeter varies with frequency by the follow- 
ing formula. 


SN ea (69) 


where £;, and Ji, are input voltage and 
current respectively, Z) is line characteristic 
impedance and § is phase constant of line. 
In Figs. 23 (a) and (b), the measured data 
for the anode and grid lines respectively are 
shown. f of the grid helix increases with 
heating of the cathode and further increases 
with increase in cathode current. It is sup- 
posed that this variation of § is caused by 
the increasing parallel capacitance of the grid 
line with the expansion of the cathode sleeve 
and with the increase in cathode current. 
Curve 4 in Fig. 23(b) is plotted for the 
condition of matched output termination. 
It is observed that the best matching re- 
sistance for the two lines are as follows: 
Anode line 450 
Grid line 200 


3.2.2. Calculated Characteristics of 
Anode and Grid Lines 


3.2.2.1. Calculation of Characteristics 
of Grid Line 


The cross-section of the gride helix is trans- 
formed to circular form shown in Fig. 24 (a). 
In this transformation the contour and gap 
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Curve 1 Cathode cold l 
4 Curve 2 Cathode hot ;no anode current 
fk zs ae om e Curve 3 " 5 with ” 
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oo 
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St =—"1_ 3 iS 4 
30 <AO ~ 60! ~SO—8 100) 120, 340" Ties 
Frequency (Mc/s) 
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Fig. 23 (a)—Measurement of phase constant Fig. 23 (b)—Measurement of phase constant 
of anode line of tube of Section 


of grid line of tube of Section 
Pees 2% 


between the helix and the inner conductor 
are unchanged as described in Section 1. The 
length of both parts of the contour through 


the vacuum and along the ceramics are both 
17 mm. 


at 60 Mc at 120 Mc 
Characteristic impedance Zo. (Q) 
320. @ By) @) 
Series inductance L,- (H/m) 


LAG 10 LALO 
First we calculate the characteristics of the Parallel capacitance C,- (H/m) 
helix in vacuum shown in Fig. 24 (b) and we 1.39 x 107° 1:36 <0; 
obtain the following results: 


From the values above calculated we can com- 
pute the characteristics of the composite line. 
These results are as follows: 


characteristic impedance  Zoyy 980, 
series inductance Ly» 24x10"? H/m 
parallel capacitance C,, 2.55x10°° F/m 


at 60 Mc at 120 Mc 
Series inductance (H/m) 


0.85.< 107* 0.83:<10* 
Parallel capacitance (F/m) 


L974 05" 1,97.X 102 
Characteristic impedance (Q) 


where these values are constant over the 
frequency range up to 150 Mc/s. 


Next we consider the helix along the ceramics. 
Examples of calculated results are as follows: 


Vacuum y . 
. one length). 7 acuum Vacuum 
\ oe / 


v7, conductor <% 


\ Vg Yj , 


Ceramics Ceramics 


Fig. 24—Calculation of grid helix 


characteristics. 
(a) (b) (c) 


— 
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208 206 follows: 
Wave length on helix (m) 
4.09107 2207 X10>* at 60 Mc at 100 Mc 

Series inductance (H/m) 

In Fig. 25 (a), the calculated and experimeh- 8:27 10" 260K 1054 

tal results of helix characteristics are plotted. Parallel capacitance (F/m) 

The coincidence of both results seems good. 6.9105 “7.86 10m” 
Characteristic impedance (Q) 

3.2.2.2. Calculation of Characteristics 688 DO 


of Anode Line Wave length on helix (m) 


35< 1077 2710 
The form of the anode helix is more com- 


plicated than that of the grid helix. However, In Fig. 25 (b), the calculated and experimental 


the characteristics are calculated, in the same results are plotted and the agreement of both 
manner as those of the grid. The examples results seems good. 
of final results of calculation are shown as 


6 
5 
= 
Se 400 
= es 
= 3 300, 
° S) 
= Zog Calculated N\ 
Fete : ” Experimental 200 
: 100 (a)-Grid helix. 
@) 50 100 150 
Frequency (Mc/s ) 
: 800 
— 
a [00S 
< fe 
- 600i 
: 500 s 
aie Experimental 400 N 
300 
200 (b)-Anode helix. 
100 


0 50 100 150 
Frequency (Mc/s) 


Fig. 25—Wave length on the helix and helix characteristic impedance 
of tube of Section 2.2. 
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3.3. Amplification 


Effect of the Line Loss and the 
Difference of Propagation Ve- 
locities on Tube Gain 


3.3.1. 


We have noted the loss of the grid line 
and the phase constants on both anode and 
grid lines in preceding paragraphs. Here we 
calculate the lowering of gain due to the 
above factors. 

The loss of the grid helix is represented 
in Paragraph 3.1. The difference of phase 
velocities of both lines are shown in Paragraph 
3.2. Now we know the propagation constants 
of both lines at every frequency (because 
phase constants vary nonlinearly as shown in 
Fig. 25). 

The attenuation constant of the grid line 
and ratio of the phase constant of the grid 
line to that of the anode line are shown in 
Fig. 26. Here we assume the anode attenuat- 
ion constant is zero. 

Substituting the results shown in Fig. 26 


into Fig. 6 we can calculate the decrease of | 


gain from the figure. However before this 
substitution we must calculate the ideal gain 
which should be obtained from this tube. 
This is given by Eq. (13), by substituting 
Cr Um andy 25,4500. 

Then we have the ideal gain Np 


The line of ideal gain Ny in Fig. 20(a) re- 
presents this value. 
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Multiplying the lowering factor which is 
calculated using Fig 6, to the ideal gain No, 
we have the calculated gain which is repre- 
sented in Fig. 20(a). In above calculation, 
the factor of dispersion of electron beems 
was neglected. 


3.3.2. Effect of Various Factors on 
Phase Shift 


In Fig. 20(b) measured phase difference 
between the input voltage and that of output 
is shown. We consider here the phase shift 
in the process of amplification of this tube. 
The factors which contribute to phase shift 
of the signal are as follows. 


1) Signal transmission time on the line. 
2) Electron transit time. 
3) Phase distortion resulting from the 


difference of phase velocities on both 
lines. 


Curve 1 in Fig. 20(b) represents the phase 
shift obtained by calculation of. factor 1 by 
Eq. (12). Because of the nonlinear variation 
of phase constant versus frequency, curve 1 
does not become linear. The phase shift of 
factor 3 is calculated by using Fig. 26 in the 
same manner as described in Section 3.3.1. 
Curve 2 in Fig. 20 (b) represents this calculat- 
ed result and curve 3 is given by superpo- 
sition of curve 1 and 2. 

The phase shift of factor 2 is calculated as 
follows. The electron transit time from 
cathode to control grid is 1.26X107° sec. as 


Frequency (Mc /s) 


S 
. : 
a 
< 13 in i= 1.0 
oO aS 
z 1.2 5 > L 
& ial ee 6) — 
2 mes 
= 1.0 | So AP 
[ies 
6 2 
o + ~ == 
A ae 
eS J 
eae ey 50 100 150 0 50 100 150 


Frequency (Mc/s) 


Fig. 26—Ratio of phase constants of grid and anode, and attenuation 
constant of grid line of tube of Section 2.2. 
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shown in section 3.1.2. The transit-time 
Ty1-92 from control grid to screen grid is com- 
puted by the following formula: 


2loi-o2_ 


SS — Y 
gi—g2 jf Bae (70) 
m 


where the voltage of the control grid plane 
is assumed to be 0, and between control grid 
and screen grid 


Igi-g2 distance, 

Eu : screen grid voltage, 
€ : electron charge, 

m : electron mass 


Suvstiuming fe,2= 55.) and J,,.5=044x 10" 
Mmewe haves 15; 52 X< 104° sec. 


The transit time T,:.-. from screen grid to 
anode is calculated by the following formula. 


2192-0 i 


ee =) = - ——- 
Ms yee V Eat V Ea 
m 


(72) 


distance between screen grid 
and anode 
Eaa : anode voltage 


Substituting Eg.=239V and J.,=4.5 x10 *m, 
we have Ty:-a2=6.7 X10" sec. Then the total 
transit time 7, becomes T;=2.13 X 107° sec. 


where ly.-a : 


Curve 4 in Fig. 20(b) represents the phase 
shift due to this transit time. By superposing 
curves 3 and 4 we obtain curve 5 which re- 
presents total phase shift. The agreement of 
calculated and experimental results seems 
good. 


Conclusion 


First, theoretical considerations on the gain 
of distributed amplifier tubes and on the 
matching of line elements has been carried 
out. 

Secondly, the lowering effect of gain caused 
by line losses, propagation velocity difference 
of grid and anode lines, and electron beam 
scattering has been discussed. 

Thirdly, the procedure for designing helical 
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electrodes has been shown. 

Two experimental tubes have been examin- 
ed and their consiruction and measured cha- 
racteristics have been shown in detail. One 
of these tubes gave the amplification band 
from zero to 150 Mc/s. In the last part, an 
analysis of function of experimental tubes has 
been executed by the comparison between 
the experimental results and the theory. The 
agreement between experiment and _ theory 
was good. 

In the following, we wish to describe the 
future subjects of the distributed amplification 
tube. As we have seen in the analysis of 
experimental results, the frequency band 
limitation of the trial tubes was caused by 
the cutoff frequency of output termination 
networks. 

To remove this frequency limitation, it will 
be necessary, for example, to make a output 
lead of coaxial line type. 

Furthermore, the gain versus frequency 
characteristics of experimental tubes was 
lowered at high frequency region for the 
reason of grid line loss principally. To im- 
prove this sloped characteristics, it will be 
necessary, for example, to introduce proper 
positive feed-back system. 
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Appendix 


Comparison between Distributed Amplifiers 
and Distributed Amplifier Tubes. 


1. Amplification Frequency Upper 
Limit 


The upper frequency limit of the distribut- 
ed amplifier comes from that of tubes used. 
The frequency limit of tube operation comes 
from the lead inductance effect. 

Input conductance due to the cathode lead 
inductance is given by, 


Gint=0’GmLxCy_x qd) 
Where Ginz Input conductance 
Gm : Mutual conductance 
Lx : Cathode lead inductance 
Cyi-x : Capacitance between cathode 
and grid 


Input capacitance increase due to the cathode 
lead inductance is given by, 


Cy-xk = Cena (2) 


gi-K,oLK 


Where 


Low frequency capacitance 
between cathode and grid. 


Co1-K,0 : 


From Egs. (1) and (2), we obtain the increse 
of input capacitance and conductance at high 
frequency. Especially, input capacitance in- 
creases rapidly when frequency approaches 
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the resonant frequency. For the above reasons 
distributed amplifiers constructed with com- 
mon receiving tubes have an upper limitation 
of amplification band which estimated 300 - 
400 Mc/s by best tube. 

On the contrary, the distributed amplifier 
tube has no lead inductance, thus, free from 
any troubles proper to it and in principle it 
has no limitation of amplification band. 


2. Simplicity of Operation 


The adjustment of distributed amplifiers 
composed of many common tubes is not easy. 
On the contrary the distributed amplifier tube 
needs no adjustment. 


3. Easiness of Realization of High 
Gain 


As shown in Section 1, the gain of dis- 
tributed amplification is proportional to the 
anode line characteristic impedance. This 
impedance of common distributed amplifier, 
however, can not be made very large because 
the cutoff frequency of the anode line, which 
is composed of tandem low pass filter, deter- 
mines the maximum anode line impedance 
at given output capacitance of tubes. On the 
contrary the anode line impedance of dis- 
tributed amplifier tube can be designed large 
enough to get sufficient high gain with one 
tube. 


4. Dimensions 


The dimensions of the distributed amplifier 
tube is remarkably smaller than that of a dis- 
tributed amplifier of the same gain-badwidth 
characteristics. 
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The Magnetic Circuit of Telephone Receiver’ 


Ryozo ARAKIt and Tatsuo SHIMAMURAt 


In designing the electromagnetic driving system of the telephone receiver, it is necessary 
that we should be able to estimate the force factors, the magnetic attractive force, etc. 


from the dimensions, the shapes, and the materials of the magnetic circuit. 


There has not 


been, however, sufficient information available in the past; therefore we have obtained the 


necessary data through systematic experiments. 


This paper describes the outline of these 


experiments, and besides, an example of design to which the results of these experiments 


are applied is given. 


Introduction 


The development of a new type telephone 
set is now in progress in this country; and 
therefore, the development of receivers is now 
going on. Due to the fact, however, that 
fundamental research has not advanced suff- 
ciently, little is known today about the effect 
of dimensions, materials and shapes on the 
characteristics of the magnetic circuit of re 
ceivers. Therefore we have obtained experi- 
mentally data necessary for the design of the 
concentric type magnetic circuit, the type of 
magnetic circuit considered most suitable to 
manufacture in this country, and which is 
also used in the present standard R4 receiver. 
For an outline of the design of the receiver 
including the vibrating system to which the 
results of these experiments have been applied, 
please refer to a previous paper.‘” 

Finally we give an example of design and 
show that we should increase the coupling 
coefficient** of the magnetic circuit and in- 
crease the electromechanical coupling factor*** 
in order to obtain higher efficiency from the 
receiver. 


* Published in the Journal of the Institute of Electrical 
Communication Engineers of Japan, Vol. 43, No.8, 
p. 894-900, 1960. 

+ Station Apparatus Research Section. 

** This term has the same meaning as when applied 


to transformers. 
xk This term has the same meaning as when applied 
to piezoelectric transducers. 


1. Design of Experiments 


The experiments were carried out using an 
orthogonal array L2; (3'°); and the force 
factor A, magnetic attractive force F, etc. of 
27 magnetic circuits as shown in Fig. 1 were 
measured. The factors thus considered are 
shown in Table I. These factors, with the 
exception of the factor (f), relate to the con- 
-struction of the magnetic circuit, and it is 
necessary to know their effect on the charac- 
teristics of the magnetic circuit. Besides these 
factors, there are other factors to be consid- 
ered, but they are excluded because their 
effects on the characteristics are small or are 
already known. For example, although it is 
a concentric type magnetic circuit the ring 
armature type magnetic circuit was excluded 
from these experiments. This was because 
the ring armature magnetic circuit is dis- 
advantageous, as the magnetic attractive force 
F is too large for the case where the magnet- 
ic gap length is zero, thus special devices are 
required to prevent the adhesion of the dia- 
phragm to the pole pieces. 

For these factors, the main effect of fre- 
quency (factor f) has been obtained through 
three measurements for each magnetic circuit, 
and the main effect of armature thickness 
(factor I ) through the measurement of three 
magnetic circuits. The dimensions of the pole 
pieces are important as they affect the arma- 
ture mass, and the diameter of the armature 
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can be shortened without reducing voice coil 
space if the outer pole piece is bent. The 
outer pole pieces were all 1 mm‘ thick, and 
the outer diameter of the unbent outer pole 
pieces were 17.5mm. Barium ferrite was 
used as the permanent magnet and was de- 
magnetized to the extent that the force factor 
became maximum at g=0.15mm. If it is 
thus demagnetized, the characteristics, it seems, 
are not much affected by the dimensions and 
the materials of the magnet. The material 
of the armatures were all permendur melted 
in vacuum. The use of permendur melted 
in vacuum is helpful to increase the force 
factor. The dimension of the beveling of 
the pole face edge is 0.5mm xX0.5mm and 
the number of turns and d.c. resistance of 
the voice coil is 500 turns and 30 ohms. 


dp d 
2 Outer pole piece ora 
apy Zu 7 SS d, | 


— Voice coil~ § 


V \ 
J Caulking Yoke 
Permanent magnet 


Fig. 1—Concentric type magnetic circuit 
(armature removed). 


2. Measurements 


The magnetic circuit was coupled to an 
electrostatic transducer, and the force factor 
A of the magnetic circuit was measured by 
the reciprocity method. Fig.2 shows the 
apparatus, to the top of which was fitted a 
micrometer in order to adjust the distance 
between the armature and the pole faces. 
The armature is attached to the center of 
the diaphragm of the electrostatic transducer. 
Diaphragm impedance necessary to calculate 
force factor by the reciprocity principle has 
been obtained by measuring the variation of 
the resonant frequency of the diaphragm 
caused by added mass. The center of the dia- 
phragm is a rigid disc, its resonant frequency 
being approximately 1,800 c.p.s.. Magnetic 


attractive force F was simultaneously obtained 
by measuring, with this appratus, the vari- 
ation of the capacity of the electrostatic 
transducer. The diaphragm was changed as 
necessary so that displacement of diaphragm 
by magnetic attractive force would remain 
within 0.01 mm. 


Fig. 2—Apparatus for force factor measurement. 


The advantages of this apparatus are: (1) 
frequency and gap length characteristics of 
force factor, etc. can be readily measured; 
(2) F and electrical impedance etc. can be 
measured simultaneously with A, with the 
magnetic circuit remaining on the apparatus, 
and thus these gap length characteristics can 
be compared with each other. Fig.3 gives 
an example, where it is easily observed that 
A and the negative stiffness s,=— (°F /;9) 
reach their maximum at the same gap length 


gm. In the figure, F-!2 is used to obtain Ie 


(Fat/g =0). It is further noted that the 
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straight line of F-! bends near the gap length 
&m. The levels of the factors of the magnetic 
circuit shown in the Fig, 3 are A:, B3, Co, Di, 
E3, Fs, Gi, H3. (Ae means dp 2/dp 1=1.86. 
See Table 1.) 


3. Experimental Results 


To design the receiver, the designer should 
know what effects the factors in Table] will 
have on A,A/VWZd (Zd: damped imped- 
ance), Fo, Foi; CF at g=0.15mm) and s,. In 
Table IJ are shown the main effects of factors 
found to be significant on the characteristics 
at g=0.15mm. In this table, only the factors 
found to be significant are shown, and inter- 
actions among them are negligible. The table 
may be used in estimating A// Zd, etc. from 
the levels of the factors of the magnetic 
circuit to be considered. The estimate cor- 
responding to each level may be obtained by 
multiplying or adding the respective values 
in the table.to m; e.g. in Fig.3, 20 log (A/ 
v/ Zd) at 1,000c.p.s. will be estimated as 
follows: 


+2.24+0.73+1.33+1.70+6.25= 12.25 dB 


1960 


eae ye 


Ole ae 


0.8F 8 


OO ie 


1 
F(N) 


Table 1 
FACTORS AND LEVELS OF MAGNETIC CIRCUIT EXPERIMENT 


30 Sear ae 


Armature thickness 


=0.34 mm 


20 


A(N/Ampere) 6 


Ly (mH) 


Fig. 3—Typical gap length characteristics 
of the driving system. 
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§ CRO M F ia) S 


Levels 
Factors 
1 2 3 
Maid 2.19 1.86 1.57 
dp, B 6mm 5mm 7mm 
Outer Pole Piece Bent Not bent Bent 
Outer Diameter apg +2 mm Ang dye 
fo Armature D || 
Inner UY (0) 0 dy, —2 mm 
Inner Pole Piece and Yoke E Caulked One block Caulked 
Voice Coil Length (net) E 5mm 7mm 7mm 
Pole Face G Not beveled Beveled Not beveled 
i 45 P ll 1% Si Iron 
Materials Inner Pole Piece 2 5 Permalloy % epee 
of Outer 7 4 Pure iron Pure iron 
Thickness of Armature I 0.40 mm 0.34 mm 0. 26 mm 
Frequency f 180 c/s 1, 000 c/s 2,500 c/s 
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Table 2 


MAIN EFFECTS OF FACTORS 


The estimates corresponding to each level will 
be obtained by multiplying or adding each 
figure to m. 


(a) Force Factor 


m=13. 34 N/Ampere 
1% Confidence Interval: x0.69~ x1. 44 


ee eee SS 


Levels 
Faciors : : : 
B x1. 035 <0. 832 | ile Gh! 
D x1. 248 x 0. 832 X0. 963 
H x1. 066 x0. 723 «1297, 
I x1. 081 x 1. 000 x0. 749 
f ale 292 x1. 007 x 0. 768 
(b) 20log (A/ ¥Za) 
m= +2.24dB, re 1N/ / Watt 
1% Confidence Limits: +2.71 dB 
| Levels 
Factors 
1 2 3 
B +0. 25 —0. 98 40), 783 
D +1. 33 —1.42 +0. 09 
H 1 0).50 —2.25 +l. 70 
I +0. 74 0 —2. 43 
f +6. 25 —0) 55 —5.71 
(yr i, 
m=11.94 N 


1% Confidence Interval: x0.72~ «1.39 


Levels 
Factors 
1 2 3 
B or085 x 0. 820 x1. 178 
x 0. 952 <0 754 Solns9s 
I x1. 096 x 1.000 <0. 510 
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(d) Fos 
m=4. 45 N 
1% Confidence Interval: x0.83~ x1. 21 


an nnnnnee EEE 


Levels 
Factors ] 
s: it | 2 3 

B x 0. 978 0. 895 x43 
x0. 944 | x 0. 944 «1.119 
I x1-213° | A OOO On 592 

| 

(e) Sn 


m=O. 378 x 10° N/m 
1% Confidence Interval: «0.83~ x1. 21 


Levels 
Factors 
1 2 3 
x1. 033 | «0.759 | 1.276 
E x1.069 | x0.875 | 1.069 
I x1,119 | x1. 000 | x0. 484 


which agrees with the actual value of 12.36 
dB within confidence limits. 

From the above results, we may reach the 
following conclusion regarding the respective 
factors in Table 1: 

(A) dy2/dp1: This, not being _ significant 
for any characteristics, should be small to 
make the armature diameter short, so long 
as the Jeakage flux between inner and outer 
pole pieces is not too large. 

(B) dp: As the diameter of the inner pole 
piece becomes larger, A, A// Za, and s, in- 
crease. However, as armature mass increases 
accordingly, these effects should be carefully 
weighed considering the vibrating system. 
The previous paper‘ shows that the specific 
responsef of the receiver does not change 
very much for d,, within the range of 5~7 
mm, but small d,, is convenient to prevent 


f In this country, the term “specific response” is used 
to denote the sensitivity of the telephone receiver. 
The definition is as follows: 

specific response kre=20 log p/ / P, 
where fp: induced sound pressure 
P: electrical apparent input power. 
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the adhesion of the diaphragm to the pole 
pieces. 

(C) Though the outer pole piece is bent, 
characteristics are not much affected. Thus, 
securing the voice coil by bending as above 
and to decreasing d»/d»>; and armature 
mass are helpful in obtaining higher sensitivi- 
ty. 

(D) It is not desirable to bore a compara- 
tively large hole in the center of the armature 
or to make the outer diameter equal to dp». 
(E) Characteristics will not be very different 
whether the inner pole piece and the yoke 
are made into a block or fixed by caulking. 
(F) Coil length, either 5mm or 7mm, does 
not have a major effect on the characteristics 
of the magnetic circuit. 

(G) As the effect of the pole face beveling 
is little, it is better, judging from the point 
of view of manufacturing not to bevel the 
pole face. 

(H) A and A/WZ, are much affected by 
the pole piece materials, while F and s, are 
not. It is thus more advantageous to make 
both the inner and outer pole pieces of 45 
permalloy or, to reduce costs, to make the 
latter only of pure iron. 

(1) The thicker the armature is, the more 
A, A// Zz, and s, increase. The mechanical 
vibrating system, however, should be taken 
into consideration, as the armature mass will 
increase correspondingly. The previous paper‘” 
shows that the thicker the armature is, the 
more the specific response will increase. 

(J) Frequency: A// Z, is nearly proport- 
ional to the reciprocal of the square root of 
the frequency. Thus, the frequency response 
should be compensated by the mechano- 
acoustic vibrating system. 


4. Comparison of Some Examples of 
Receivers with the Ideal Receiver 


An example of a design where the results 
shown in the foregoing paragraphs as well 
as in the previous paper‘'? are applied is 
given in Table JI, together with a comparison 
with the present standard R4 receiver. The 
example, however, is a paper design and not 
an actual case of manufacture. Therefore the 
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receiver actually used for the new type tele- 
phone set will be different in respect to cost 
and stability, and the specific response will 
be lower than the value in Table IJ. In order 
to know how the example should be im- 
proved, in comparison with the R4 receiver, 
we shall work out sample calculations below. 
As is generally known, the specific response 
of the ideal receiver is 


=m ie K 
nom = ft a) 


where 
p: Sound pressure induced in acoustic 
load chamber (microbar) 
wo: Input apparent power (watt) 
k: Bulk modulus of the air 
V_,: Volume of the acoustic load chamber 


And, the specific response of receiver at low 
frequencies will be: 


Ze ola A Af 
Rr=Rro- ay oS 6 De 
‘ ae / Z, Za V Ske Sa 


x WV SeS-2 A V_» 
So Vy 


@ 


Table 3 


COMPARISON BETWEEN THE PRESENT STAN- 
DARD R4 RECEIVER AND EXAMPLE 


(a) Specific Response and Losses at 180 c/s (dB) 


the R4 Receiver Example 
kro 93. 21 93. 21 
Lal Z —1.03 
Ye —0. 88 
V wLa/Za =1-40 
A/V snLa —2.79 —2. 25 
I sais —9.24 —2.07 
rH MG —6. 66 —2.15 
Va) Vr 526 “4.57 
Rr 68. 37 79.74 


Specific Response: dB, re lub/ Watt. 
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(b) Design Factors and Constants 


the R4 Receiver | Example 
Thickness of the Armature (mm) 0. 34 | 0. 40 
Diameter of the Armature (mm) 16.5 1259 
dp», (mm) 7 6 
dp, (mm) 13.0 10.5 
Material of the Armature Permendure Permendure Melted in Vacuum 


Material of the Inner Pole Piece 


45 Permalloy 45 Permalloy 


Material of the Outer Pole Piece Pure Iron 45 Permalloy 
A (N/Ampere) 18.5 | 3121 
La (mH) 3255 35. 0 
sn (10° N/m) 0. 20 | 0. 467 
Z (Ohm) 45.0 54. 7 
Armature Mass (g) 0. 60 0. 403 
Stiffness of the Diaphragm, sa (10° N/m) 1. 68 0. 752 
Effective Mass of the Diaphragm,* (g) 1. 20 0.575 
Total Volume of the Fore Chamber, V+ (cm*) TO: 10.16 
Total Volume of the Rear Chamber, (cm?) UG 55) 12.19 


* Armature mass is included. 


Z. Free impedance of the receiver 

Zi: Damped impedance of the receiver 

La: Damped inductance of the receiver 
sn: Negative stiffness 

A: Force factor 

Sa: Stiffness of the diaphragm 

s_2: Stiffness of the acoustic load chamber 
V,: Total volume of the fore chamber 
So’ =Sa—Sn+ (stiffness of the fore and rear 

chambers) 


No factors in eq. (2), except 4/s,S-2/s)’, are 
larger than 1. A/4js,La and 4/s,/s are 
called the coupling coefficient of magnetic 
circuit and the electromechanical coupling 
factor, respectively. Table 3 shows examples 
of these factors. 

From this it follows that the defects of the 
present standard R4 receivers are that the 
electromechanical coupling factor and 4/s,s_5 


/so’ are too small, as effective mass and s, 
of the diaphragm are large. In the example, 
however, losses are approximately the same 
amount, and no serious defects are noticeable. 
That is, compared with the R4 receiver, the 
principal improvements are that the armature 
is lighter in weight, and thus the effective 
mass and the s, of the diaphragm are made 
small. Further as a magnetic circuit of larger 
Sn was used, s, and s, near the value 
of s_». It may be said in short that it is 
required to increase both the coupling co- 
efficient of magnetic circuit. A/4/s,Zq and 
the electromechanical coupling factor ¥/s,/s, . 


Conclusion 


In this paper it is shown how the charac- 
teristics of the driving system of a practical 
receiver are affected by the dimensions, the 
materials and the shapes of the magnetic 


VOLUME 8, NUMBERS 7-8, JULY-AUGUST 1960 


circuit. Although this report is brief, it is 
being published because no other data of this 
type is available in prints. 
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ULD.C. 665.335. 5-067 : (621. 315. 615 : 621. 319. 4) 


Refining of Castor Oil for Capacitor Dielectrics’ 


Masaaki KATAGIRIt and Katunari KODATIt 


The authors developed a simple method of prefining castor oil by using active clay and 
active alumina. Castor oil prefined by this method has good electrical properties suitable 


for capacitor dielectrics. 


Introduction 


There is a general tendency to make com- 
munications equipment more compact and 
more durable; therefore, capacitors using 
liquid impregnating materials are being used 
in place of capacitors using solid or semi-solid 
impregnants. Castor oil is an especially at- 
tractive liquid impregnating material because 
of its high dielectric constant. But not method 
of refining castor oil for use as a capacitor 
dielectric has been published in Japan. 

The authors assumed that the impurities 
in unrefined castor oil consist of free fatty 
acid, water and compounds with OH radicals; 
and developed a simple refining method using 
active clay and active alumina which are not 
corrosive to metal. 

Castor oil refined by this method has a 
small acid value and good electrical properties, 
and contains only a small amount of com- 
pounds with OH radicals. 

The results have shown that the above 
assumption was valid. 


1. Properties of Commercially 
Available Castor Oil 


The authors used eleven samples taken 
from commercially available unrefined castor 
oils. The chemical and electrical properties 


* MS in Japanese received by the Electrical Communi- 
cation Laboratory, April 30, 1960. Originally published 
in the Kenkytt Zituydka Hokoku (Electrical Communi. 
cation Technical Journal), N.T.Y., Vol. CE. INGE 
pp. 125-138, 1960 

f Plastics Application Research Section. 


of these samples are shown in Tablel and 
in Fie: 1-Kig. 3. 


Table 1 


CHEMICAL PROPERTIES OF CASTOR OIL 


Simple) $84 = patna 
" 1 0. 88 eee 85 “ 143.7 
2 0. 35 181.2 : 84.2 142. 9 
- 0.44 179. 8 85.5 142. 8 

4 = 0.42 ites 181.3 85. 8 Pe 
$8 oe asf =: sien Ca = 
5 0. 40 180.5 85.8 | 146.8 
6° |" On45 ee 85. 2 144.3 
0. 30 1 S522) aaa 


The acid value of castor oil is an import- 
ant indicator of its degree of oxidation and 
of the amount of free fatty acid contained in 
it. The acid values of these samples ranged 
from 0.3 to 0.8. The volume resistivity and 
the dielectric constant are functions of tem- 
perature. The minimum value of loss tan- 
gent at 1kc/s was observed near 20°C. 
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2. Refining Castor Oil 


The authors assumed that the impurities 
in crude castor oil consisted of free fatty acid, 
mucilage, protein, dusts, OH compounds, 
colored impurities, ash, water, etc. Most of 
these impurities are be removed in convent- 
ional refining processes. However, even after 
conventional refining there still remains a 
small quantity of impurities which deteriorate 
the electrical properties of castor oil. 

The authors refined commercial castor oil 
by using active clay and or active alumina. 
The effect of the refining was evaluated chief- 
ly in terms of electrical properties, 


2.1. The Effects of the Use of 
Active Clay 


Clay which had been activated at 135+5° 


= 
o Sample No.1 
me x Sample No.2 
10s 3 & Sample No.3 
a a Sample No.4 
© Sample No.5 
@ Samole No.6 
® Sample No.8 
102 
§ : 
2 
Q 
ll a 
[ 4 
| 
Gin 


OO 206 SON 4050 S60) 70 
Temperature (°C) 
Test Frequency: 1kc. 


Fig. 1—Volume resistivity of commercial 
castor oil. 
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Fig. 2—Dielectric loss tangent of commercial 
castor oil. 
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Fig. 3—Dielectric constant of commercial 
castor oil. 
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oO Sample No 1 
Oo Sample No.1 


x Sample No.2 
x Sample No.2 


Refined 
—----— Unrefined 


Ret ined 
—--—-— Unrefined 


0 10 20 30 40 50 
Temperature (°C) 


p (Qem) 


Test Frequency: lkc. 


Fig. 6—Dielectric constant (using active clay). 


C for three hours was mixed with samples 
No. 1 and No. 2, by ten percent of the samples 
in weight. These mixtures were heated and 
stirred in a temperature range from 80 to 
100°C for one hour. The effects of this re- 
fining process are shown in Fig. 4-Fig. 6. 


2.2. The Effects of the Use of 
Active Alumina 


Tee SRO) The apparatus for this method of refining 
is illustrated in Fig. 7. 

The amount of active alumina was about 
100 grams and the amount of castor oil treat- 
ed was 1l/hour. The castor oil was heated 


Test Frequency: 1kc. 


Fig. 4—Volume resistivity (using active clay). 
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Fig. 5—Dielectric loss tangent (using active : 
clay). Fig. 7—Percolation method. 
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by infrared lamps to 80-85°C during the 
process of refining. In this method, the castor 
oil was refined twice. Its electrical properties 


are shown in Fig. 8-Fig. 10. 


p (Qem) 


Temperature (°C) 


Test Frequency: 1 ke. 


Fig. 8—Volume resistivity (using 


tan 6 (X10-4) 


Fig 


active alumina). 
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Temperature (°C) 


Test Frequency: 1 kc. 


.9—Dielectric loss tangent (using 
active alumina). 
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Test Frequency: 1 kc. 


Fig. 10—Dielectric constant (using active 
alumina). 


2.3. The Effects of the Use of Both 
Active Clay and Active Alumina 


Both activated clay and alumina were mix- 
ed with samples No.1, No.2, No. 4 and No. 
5, by ten percent of the samples in weight 
respectively. These mixtures were heated and 
stirred at a temperature from 70 to 80°C for 
an hour, and then filtered. The effects of 
his refining process are illustrated in Fig. 11 
=Pigy Io: 

From many experiments, the authors found 
that the following conditions were very good: 


active clay Sree iehorrsh ooMOnaee) eotemchion ocho 10 % 
active alumina -++-++--++++++-- 10 % 
temperature for treatment ---- 70°C 
time of treatment::-:::-: one hour. 


Table 2 indicates the electrical properties 
of the castor oil refined by this method. 


2.4. Comparison of the Methods 


Fig. 14 shows the electrical properties of 
sample No.1, and Table 3 indicates the 
chemical properties of each sample. 

From the above Figure and Table, the 
method of using both active clay and alumina 
is known to be most effective. 


3. Deterioration by Heating 


Many samples, both refined and unrefined, 
were heated under the following conditions: 
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DLeESSUTegs oe 2 ese re sins iP eaten Hg 
temperature ---+++++++++: 105225 C 
time of heating::-:---: three hours. 


The results are shown in Fig. 15-Fig. 17. 

The samples No.9 and No. 10 were heated 
for 6-12 hours under the same pressure. 
None of the samples deteriorated during the 
first three hours, but after six hours the de- 
terioration was remarkable. 


15 
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© Sample No.2 (Using 
active alumina powder 
Sample No.4 
Sample No.5 
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Fig. 11— Volume resistivity (using both active 
clay and alumina). 
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Sample No.1 


Sample No.2 


Sample No.2 (Using 
active aluminapowder) 


Sample No.4 
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Z 
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Test Frequency: 1 kc. 
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Fig. 12—Dielectric loss tangent (using both 
active clay and alumina). 
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Fig. 13—Dielectric constant (using both 
active clay and alumina). 
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Table 2 


ELECTRICAL PROPERTIES OF (REFINED) CASTOR OIL 


a er ee eet a 
ee Volume Résistivit Dielectric L ale Dielectric C 
Acid Value y c Loss lLangent 1electric Constant 
Temp ee aes os) (x10-4) (1 ke) (€—) (ke) 
(°C) 
Unrefined Refined Unrefined Refined Unrefined Refined Unrefined Refined 
x 108 $< OHS 
402950 |) 2.0. SD 4.5> 4.8 4.6< 
SCUOe x 1018 re ’ 
30 0.35~0. 45 | 0.16~0. 35 3. 0~8.0 aa 1~3.0 Biss 4.4 An 
SOLOS x10" 
su A098 1, 2D8= 4~1.2 5 > 4.1 4.0< 
1902 
o Unrefined (sample 
No.1) 
x Refined by active clay: 
e Refined by active a 
alumina 5 
e Refined by both active ee 
clay and alumina < 
10° 
L ® 16 20. 30) 40.50 60) 
Temperature (°C) 
5 
5 13 
G 10 
Q 
w 4 
=F +— + + 
3 Onn1O 20 30 40 50 
Temperature (°C) 
10° | 
Test Frequency: 1kc. 
Fig. 14—Electrical properties of castor oil. 
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Table 3 
CHEMICAL PROPERTIES OF CASTOR OIL 
Acid Value | Se earn | Iodine Number | Acetyl Value 

Ganiple me Value : | Refined Method 

Unrefined | Refined | Unrefined Refined | Unrefined | Refined | Unrefined Refined 
nie Geeta, eo F 1"e BS Both active cla 
2 0. 35 0. 35 181.2 183. 6 84.2 89.1 142.9 182.6.) | a eaicase y 

aes : [ore teat ore i pte i 
6 0. 45 (0), 7 TED 182.5 85.8 87. 35 | 146. 8 139.7 Same as above 
8 0. 30 0.16 182.5 lero 85. 2 86. 81 144.6 145.1 Same as above 
5 0.44 0.44 179.8 181.2 85.5 84.2 | 142.8 142. 9 pra alumina 
Z 0. 35 1.00 giz fst nea 88.3 142.9 133.0 | Active clay only 


10° 


® Sample No. 1 (unrefined) 
__| ¢ Sample No. 4( ” 

o Sample No.6( #7 ~~ ) 
—{ © Sample No. 7(retined) Sample No. 
x Sample No. 8(unrefined) Sample No. 
« Sample No.9 (refined) 
a Sample No.10( #7 ) 
+ Sample No.11( 7” ) Sample No. 


Sample 


Sample No. 


Sample 


Sample 


Sample 


SOLO) 


tan 


Temperature (°C) 


Test Frequency: 1kc. 


Fig. 16—Dielectric loss tangent by heating. 
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Fig. 15—-Volume resistivity by heating. 
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Table 4 


IMPREGNATION OF CAPACITOR PAPER WITH REFINED CASTOR-OIL 


| s | Capacitor Paper Impre- 
Capacitor Paper _—_ Refined Castor | Soeehpbeesr en TERS gnated with Refined 
Electrical Properties | Dry (105°C 3 Oil | ewe Oil at 108°C. fo Castor Oil (75 %) and 
| Hours) | Gample No.2) | 3"Honrs) OF) CCl,< (25:05) “at Room 
| Temperature 
| 
SORES aan 2. 4-4, 4x 10'° 3.710" 5. 7X 10!8-2, 9x 10!4 3.1 10!-1, 2x 10!4 
Dielectric Loss | 0.0051-0. 0057 0.010 0. 0074-0. 0109 0. 0076-0. 0127 
Tangent (1 kc) ; : ‘ ; : : ; 
Dielectric Constant _ 14 ACA 4,4-4.5 3, 3-398 
(1 kc) | 


«Sample No.2 : Uurefined 

= Sample No.2:Refined by clay & powde: ~ alumina 
+ Sample No.4 : Unrefined ‘ 

8 Sample No.4:Rafined by clay and alumina 

o Sample No.1 : Unrefined 

a Sample No.1: Refined by clay & alumina 

10'°| * Sample No.5: Unrefined 

®Sample No.5: Refined by clay & alumina 


Bon 
A 
, A 
10" 
§ 
GS 
Q 
& 
10°? 
Temperature (°C ) 
Test Frequency: 1kc. 
Fig. 17—Dielectric constant by heating. | 
a 
a A (ey em cise) ho BGS. Sse 


iy Tt x10) 
Test Frequency: lke. 


Fig. 18—Relation between resistivity and 
temperature. 
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4. Impregnation of Capacitor Paper 
with Castor Oil 


The properties of capacitor paper which 
had been impregnated with refined castor oil 
did not deteriorate even when heated to 150° 
C for three hours under 1-2 mm Hg pressure. 

To decrease viscosity and to improve im- 
pregnating characteristics, refined castor oil 
was diluted with CCl, at room temperature. 
The properties of capacitor paper which was 
impregnated with this liquid did not deteri- 
orate. The detailed results are shown in 
Table 4. 


Discussion 


1) When castor oil is refined with active 
clay only, it obtains good electrical properties, 
but its acid values increase. Such changes 
are attributed to the fact that OH compounds 
are removed and a dehydration reaction of 
the castor oil takes place. This explanation 
holds valid particularly from the fact that 
both the acetyl value and the iodine number 
decrease. 

2) When both active clay and _ active 
alumina are used, the refining effect is re- 
markable. It is thought that the active clay 
dehyderates, the active alumina absorbs free 
water; thus, they promote glycerine ester 
formation in the castor oil and restrain the 
formation of free fatty acid which might be 
produced by the active clay at the same 
time. 

The decrease of OH compounds can be 
recognized also from infrared spectra analysis. 

3) The relation between log p and 1/T is 
expressed by a refracted straight line, show- 
ing a transition point between 20°C and 30° 
C. This is probably because the molecules 
of castor oil have hydrogen bonds at tempe- 
ratures below the transition point. The results 
are shown in Fig.18, where p denotes the 
volume resistivity, and T signifies the absolute 
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temperature. 

4) The apparent activation energy (or 
volume resistivity) of refined castor oil, calcu- 
lated from Arrhenius’ equation, is indicated 
in Table5. The maximum value is 18,265 


cal./mol. 


Table 5 


ACTIVATION ENERGY OF CASTOR OIL 


| Activation Energy (cal./mal.) 


Sample | : 
| A-B B-C 
Unrefined’-|-- 16.218. i sa cpee 
No.1 | a | ——— 
Refined 11,482 | 15.712 
| Unrefined | 14, 629 16, 788 
INo= 2 4 le 4 za 
Refined 14, 880 18, 265 
| Unrefinted | ~ 17,227 13, 076 
No. 4 | 
Refined | 15, 284 | 12, 071 
A= | 
Unrefined | 14, 535 11, 284 
No.5 : > | 
Refined | 15,454 | 12,424 


We must choose castor oil with large acti- 
vation energy. 


Conclusion 


The best method of refining castor oil 
studied here can be easily applied to industrial 
production making use of commonplace ma- 
terials. Castor oil refined by this method is 
an excellent capacitor impregnant, and is ex- 
tremely ‘useful in the manufacture of small 
highly stable capacitors. 
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Degradation of Polyethylene by Mastication’ 
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The polyethylene hydrocarbon is considered to be ruptured into radical fragments by 
mastication. In order to investigate the degradation mechanism, Alathon 10 polyethylene 
is milled with an 8inch open roll at temperatures of 110°, 140° and 160°C. On the 
basis of a mechanism which involves the formation and the decomposition of hydro- 
peroxide, the rate formula is derived and supported both by infrared analysis and by 
viscosity mzasurements in tetralin at 130°C. For each run, it is shown that In (1/P,— Py) 
= kt + A, where P is the average degree of polymerization, t is the mastication time, and 
k, A constants, respectively. Apparent activation energy corresponding to a change in P 
ts about 1.6 kcal. mol~'. The number of chain scissions per molecule increases exponential- 
ly with the increase of t, where as after 3.5 hours of mastication considerable quantities 
of gel are formed. In regard to the absence of the limiting chain length even after 3 


hours of mastication, polyethylene differs from both polyvinyl-chloride and rubber. 


The 


degradation may be mainly caused by oxidation, rather than shearing force. 


Introduction 


It is well known that mastication alters 
the molecular structure of polymers by chemi- 
cal modification. Although considerable attent- 
ion has been paid to the effect of this modi- 
fication on electrical and mechanical propert- 
ies, comparatively little is known of the 
chemical processes that take place. An under- 
standing of mechanisms, however, points the 
way towards using mastication to improve 
polymer properties. 

It is now generally recognized that the long 
molecular chain is ruptured into radical frag- 
ments by mastication. The polymer radicals 
resulting can undergo mutual combination 
and interaction with oxygen and other addit- 
ives. As a result, a process comprising de- 
gradation, grafting, or crosslinking may occur. 

The main emphasis of this work was direct- 
ed to a basic study of graft copolymerization 
of polyethylene with other compounds by 
mastication; and this work is therefore 
relevant to the mechanism of chain scission 


* MS in Japanese received by the Electrical Communi- 
cation Laboratory, May. 28, 1960. 
f Plastics Application Research Section. 


in the presence of oxygen. 
1. Experimental 


1.1. Material 


High pressure polyethylene (Alathon 10) 
was obtained from a commercial source. 
The preliminary experiments on the material, 
purified by the xylene-methanol solvent sys- 
tem, showed that the antioxidant in the 
sample would not affect the results of further 
experiments. 

Tetralin as a solvent for the viscosity 
measurements was distilled in vacuum, and 
the boiling point of fraction used was 48°- 
50°C at 2mm Hg. 


1.2. Mastication of Polyethylene 


An 8 inch open roll was used. The slower 
roll rotated at 12 RMS, and the ratio of 
rotation speeds was 4:5. A flow of constant 
temperate oil kept the average temperatures 
of the roll surfaces at 110°, 140° and 160°C. 
At each temperature, 200 gram samples of 
polyethylene were milled for different periods 
of time. 
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Fig. 1—7sp/Cvs. C plot of viscosity 
data for samples milled at 


140° C. Values on lines indi- 


cate the length of time of 


0 0.2 0.4 0.6 0.8 1.0 ie 
Concentration, ©. (9/ 100m| 


1.3. Viscosity Measurements 


The sampies were immersed in tetralin in 
ampules which were flushed with nitrogen 
and then sealed. These ampules were shaken 
occasionally while being kept at 100°C for 
24hours. Then, the solutions were filtered 
with a sintered glass filter (No. 3). Ubbelohde 
type viscometers were used to determine the 
specific viscosity, 7sp, of the sample in tetralin 
at 130°C. Allowance was made for the kinetic 
energy of flow, which caused an error in the 
limiting viscosity number, [7], by 1 per cent. 
A nitrogen atmosphere was maintained in 
the viscometer to prevent the oxidation of 
the polymer solution. 

The data was in agreement with the 
Huggins equation ”, 


nsplC = (g)+R (nC 


where C and k’ represent the volume con- 
centration of the polymer and Huggins’ con- 
stant, respectively. 


Typical plots of ysp/C versus C are shown 
in Figure 1. 


1.4. Infrared Absorption Spectrum 
Measurements 


Infrared absorption studies were made us- 


ing an automatic recording Hitachi Model 
EPI-2. 


1.5. Comparative Experiments 
with Air Oven 


In order to examine the effect of oxidative 


mastication. 


degradation of polyethylene through masticat- 
ion in air, specimens of polyethylene in the 
form of 0.1mm thick films were heated in 
an air oven at 140°C for different periods of 
time. The viscosity and the infrared absorpt- 
ion of these films were also measured by the 
same methods mentioned above. 


2. Results 


Experimental results are summarized in 
Table 1. The value of the limiting viscosity 
number, [7], descreases with increase in tem- 
perature or with increase in time of masti- 
cation. 

The values of Huggins’ constant, k’ at each 
temperature did not change greatly with the 
mastication time, but those at 160°C increas- 
ed markedly as compared with the value for 
the original sample. Molecular weight, M, 
and degree of polymerization, P(=M/28), 
were estimated from [7] of the sample, using 
the following relationship: ” 


(9]=5.10 x 10-4 14,95, 


Infrared absorption spectra are shown in 
Figure 2, which indicate that the absorptions 
at 2.8m and at 5.8, assigned to the OH 
bond and the CO bond respectively, increase 
with the mastication time. From the differ- 
ence in absorbance at these bonds between 
milled and unmilled samples at 140°C, the 
effect of mastication on oxidation may more 
or less be seen. It may be noticed that in 
the case of a sample milled for 3 hours at 
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Abscrption % 


100 


Sample A: original; 
respectively; 


3200 2400 1900 1700 

Wave Number (cm~!) 
B and C: milled for 3 hours at 140° and 160°C 
D: heated for 3 hours at 140°C in air oven. 


1500 1300 1100 900 700 


Fig. 2—Effect of mastication on infrared spectrum of polyethylene. 


Table 1 


DEGRADATION OF POLYETHYLENE, 


Mastication a 
a, ead uD 
Temp. (C)) Time (hr.) 
— : . —_ 

— 0 0. 89 0. 49 1057 
1 | 0. 86 0. 49 1000 
110 2 | Oe Oey 957 
3 0. 78 5. 50 968 
iL 0. 85 0. 46 986 
140 2, 0. 80 0. 49 911 
3 0. 74 0. 48 818 
1 0. 83 (0), 1 957 
160 2 0.75 0. 66 836 
3 0. 66 0. 80 700 
ill 0. 85 0. 47 986 
140* 2 0. 83 0. 49 968 
3 0. 76 0. 48 850 


* This series of samples was obtained from thermal 


oxidation at 140° C. 


160°C, the formation of the COC bond is 


recognized from the specific absorption at 8.6 
LL. 


3. Discussion 


From the results obtained, the mechanism 
of reactions which involve the formation and 
decomposition of hydroperoxide may be con- 
sidered as follows: 


a ) CH, G Jab C (Clél: = 
lI 
0 


—CH,—CH, - +CO+ - CH,—CH,— 


b= GE CH:-=CH_CH, = be xg 
CH, 
OOH 
CH,—CH, ( CH, 
CH, 
OOH 
CCC (cH, = 
CH, 
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C=0+P-*+0H - 


| 
CH; 


-CH,—CH; 


0» 
ad) —CH,—CH,—CH,—CH,—+P- —> 


POOH; —CH;,—CH CH,—CH, 


e) POOH—> —CH,—CH,—C=0+0H- 


f) CH,—CH—CH,—CH,— +P: —-> 


CH, 
CH, 
| 
g) CH,—CH—CH,—CH, +POOH — 
CH,—CH—CH,—CH,— +0OH-:- 
O 
CH, 
CH 


h) 40H- —~>2H,20 + O, 


The reactions a) and b) can occur at weak 
points of the polymer chain; a) is assigned 
to the chain scission both with shearing force 
and heat, and b) to the formation of hydro- 
peroxide by thermal oxidation. The reaction 
c) corresponds to the decomposition of hydro- 
peroxide into polymer radical, P:, and other 
fragments. It was confirmed with infrared 
absorption spectra that intermediate and final 
fragments with OH or CO bonds were _pro- 
duced other than in the positions of these 
characteristic bonds in the polymer chain. In 
this sort of reaction, it is well known that 
water vapor is generated as is shown in re- 
action h). After a considerable time of masti- 
cation, branching and crosslinking reactions 
predominate, and then cause a gelation of 
the polymer chain, as shown in reactions (f 
and g). As a matter of fact, the sample mill- 
ed for 3.5 hours at 160°C contained a con- 
siderable quantity of a fraction insoluble in 


* P+: Represents a polymer radical, -CH,-CH-. 
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tetralin at 130°C, and was eliminated in furth- 
er experiments, since the reaction can not be 
followed by viscosity measurement. From the 
fact that in the case of a sample milled at 
160°C, Huggins’ constant, k’, has a high value 
and the existence of the COC bond as shown 
in reaction g) is confirmed from the infrared 
absorption spectrum, these branching reactions 
may be expected for the gelation mechanism. 

The process of main-chain scission was 
followed by determining the change in degree 
of polymerization, P, with increase in the 
time of mastication. When the total number 
of bonds between the ethylene units in given 
system, L, changes from L, to L, after ¢ hours 
of mastication, it may be assumed that the 
following relationship is maintained through 
reactions a) and c), comprising the degradat- 
ion process: 


dLi 
© Ot 


=SiLi QQ) 


where S, denotes the number of scissions per 
molecule per hour. Integrating equation (1), 
it follows that 


t 
InL,;—InLy)= = Sat. <2) 
0 


The left hand side of this equation can be 
transformed, in agreement with Tobolsky‘®” 
and Smets* work, by substituting and ex- 
panding the logarithms (See Appendix): 

1 1 


In L; — In Ly = eer (3) 


where P, and P, are, respectively, the degree 
of polymerization at the beginning of the 
reaction (f)) and the degree of polymerization 
at the moment (f). 

If S, varies exponentially with ¢, 


S: = Sy exp kt (4) 


where S, and & are constants. 
equations (2), (3), and (4), 


ce @ = p, )=#t+In(-$*-) 6) 


Combining 
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If the above assumptions are valid, then 
the rate constant, &, can be evaluated graphi- 
cally by plot-ting log (1/P,—1/P)) versus t. 
The results obtained for milled polyethylene 
at different temperatures are consistent with 
a linear relationship within the experimental 
error, as shown in Fig. 3. 


—3.0 

ie 
—S 

aE 
it 

= | 
S40 

Love) 

lo} 

ee 1 2 3 


Mastication Time ?¢ (Hour) 


Fig. 3—Relationship between degree of poly- 
merization and mastication time. 
Values on the curves indicate mastic- 
ation temperature. 


From the slope of these lines the values 
of k at different temperatures are found and 
recorded in the second column of Table 3. 

In order to confirm again the assumption 
of the exponential dependence of S; on mas- 
tication time ¢, the values of S, were calculat- 
ed directly, using the ratio of the limiting 
viscosity number for the original material to 
that for the milled sample, (7) / (7). 

Matsumoto” has shown that the number 
of chain scissions varies approximately with 
the limiting viscosity number according to 
the following relation, 


1); 


and the relation is independent of the mole- 
cular weight distribution and the molecular 
weight-viscosity relationship of the material. 
The values of S, calculated from the [7] 
values in Table 1 are shown in Table 2, 
and then according to Eq, (4) the values of 
log S, are plotted against ¢ in Fig.4. The 
corresponding & values are given in the third 
column of Table 3. 

In spite of the assumptions and approximat- 
ions mentioned above, there is a remarkable 


_ of 7 Jo of < 
. =2( ie (6) 
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Table 2 
NUMBER OF SCISSIONS PER MOLECULE 
PER Hour, S:,* By MASTICATION 
Time (hours) 
Temp. (°C) SEEGER 
1 2 3 
110 0. 07 0.14 0. 28 
140 0. 09 0. 22 0. 40 
160 0.14 0. 37 0. 70 
* Si: Calculated from viscosity data, using the ’ 
relation, S:=2{((y)Jo/(yJs)—1}. 
Table 3 
DEGRADATION RATE CONSTANTS 
Wisspieneian kX107 (mol.7!/hour™!) 
Temp. (°C) from Fig. 3 from Fig. 4 
110 6. 90 6. 76 
140 7.91 7. 96 
160 8. 83 8. 46 
(0) al 
yor? 
~ -0.5 AO 1 
os 
& 
1.0 
1.55 5 es 


Mastication Time ¢ (Hour) 


Fig. 4—Relationship between number of scis- 
sions and mastication time. Values 


on the curves indicate mastication 
temperature. 
agreement between the two series of k 


values. 

Consequently, it may be concluded that the 
number of chain scissions increases exponent- 
ially as time increases under the present 
conditions of mastication. On the other hand, 
it has been reported that neither natural 
rubber‘® nor polyvinylchloride’” degrades be- 
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low a certain degree of polymerization, that 
is, below the so-called limiting chain length. 

This phenomenon is considered to be caus- 
ed by two factors: first, a shortened polymer 
chain will no longer be destroyed by constant 
shearing force; and second, as time goes on, 
radical fragments will tend to combine with 
each other again. In the case of polyethylene, 
the possibility must be admitted that mole- 
cular breakdown at the temperatures used 
mainly result from oxidative degradation 
rather than from the shearing force. This 
possibility may also be deduced from the fact 
that the extent of degradation increases as 
the temperature of mastication increases, 
whereas it is expected that, in general, a 
smaller shear would be encountered at higher 
temperature because of the decreased polymer 
viscosity. 

There is another matter to be noted as to 
the activation energy of reaction. A plot of 
log & versus the reciprocal of the absolute 
temperature is shown in Fig 5. There appears 
to be a linear dependence of log k on 1/T °K. 
The slope of the line, following the Arrenius 
equation, gives an apparent activation energy 
of about 1.6 kcal-mol™'. This value is con- 
siderably smaller than either the value of 21 
kcal-mol7' for the simple thermal oxidation 
of polyethylene” or that of 11 kcal-mol7! 
for chain rupture by capillary flow of molten 
polyethylene in the absence of oxygen“. 
The present values does not comprise the 
parts for diffusion of oxygen and for actual 
oxidation, and, therefore, seems to be based 
on a change in degree of polymerization 
caused by oxidative degradation. 

In order to explain the net effect of shear- 


— 0.0555 
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ing force on chain scission, further experi- 
ments on mastication in inactive atmospheres 
will be necessary. 


Conclusion 


The degree of polymerization of polyethy- 
lene decreases with mastication in air with: 

a) increase in temperature 

b) increase in time 
Therefore, there is no limiting chain length 
under the present conditions of mastication. 

The number of chain scissions per molecule 
increases exponentially with increase in time, 
and therefore, the rate of degradation is re- 
presented by the following relationship, 


i 1 
oh) — kt 
in( P, Be oe 


where P, and P, are, respectively the degree 
of polymerization at the beginning of the re- 
action and at the moment t; and k and A 
are constants. Apparent- activation energy 
corresponding to the change in P is about 
1.6 kcal-‘mol™'. The degradation here seems 
to be caused by oxidation rather than by 
shearing force. 


Appendix 


Where the number of the polymer com- 
prising P ethylene units changes from [P)) 
to (P,] after ¢ hours; assuming N to be the 
total number of ethylene unit in given system, 
the ratio of the corresponding number of 


link, L)/L:, is given by the following equation, 


log k 


Fig.5—Temperature dependence of 


— 0.20 
2.3 2.4 25 


1/T X10?(°k) 


A degradation rate constants. 
k values, obtained from Eq. 
(5) and Fig. 3. 
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_ (Po) 
- =(N—-[Po})/(N-(P > 
(App.A) 


From the definition of number average de- 
gree of polymerization, P=N/({P), it can be 
seen that 


i ( by . (App. 2) 


By substituting Eq. (App. 2) into | the. left 
hand side of Eq. (2), expanding the logarithms 
with respect to 1/P, and neglecting all terms 
except the first term, we can write 


(7) 
(8) 
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The Analysis of Frame Vibrating Sysfems 
Motonobu YONEKAWA 
Kenkya Zituy6ka Hékoku (Electr. Comm. Labor. Techn. Journ.), NTT, 9, 6, p. 635-680, 1960 


The free and forced vibration problems of a portal frame composed of uniform beams are analyzed by making 


yse of both the stiffness matrix of beams and electrical network analogies. 
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Stresses and Deformations on Conical Vibrating Plate 
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Kenkya Zituyéka Hékoku (Electr. Comm. Labor. Techn. Journ.), NTT, 9, 6, p. 681-689, 1960 


Stress on and the resulting deformation of conical vibrating plates caused by an axial force are analyzed. Various 
aspects, including the magnitudes, of the stress and deformation concentrations at the inner and outer edges are 
discussed. 


U.D.C. 546.289 : 620.197.2] : 539 


An Investigation of Surface Treatment of Single-Crystal Germanium 
Kazumasa ONO and Katuhisa FURUSHO 
Kenkya Zituy6ka Hokoku (Electr. Comm. Labor: Techn. Journ.), NTT, 9, 6, p. 691-698, 1960 


Surface oxidation of single-cryslal germanium by mixtures of HF and HO was investigated. Oriented GO films 
are obtained by treatment with the vapor of the mixtures. 


U.D.C. 621.315.619 


Laminate base materials for Communication Equipment Use 


Masaaki KATAGIRI 
Kenkyu Zituyoka Hokoku (Electr. Comm. Labor. Techn. Journ.), NTT, 9, 5, p.571-584, 1960 


Development of new papers for laminates which are made from cotton flock and flax 


: mates v having large crystalline 
regions and a high degree of polymerization in the celullose is described. 


* Reprints may be availavle upon -your requeat to the author. 
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U.D.C. 621.372.832.6.029.65 


48 Ge Center-Excited Type Hybrid 
Shin-ichi IIGUCHI 


Kenkya Zituyéka Hokoku (Electr. Comm. Labor. Techn. Journ.), NTT, 9, 5, p. 565-570, 1960 


A new type of hybrid for use’as -a-component of a band separation filter for circular TE:, waves has been 


devised. This hybrid has been designed theoretically and investigated experimentally. The conversion loss is less 
than 1 dB. 


UDC. 621.374: 6213753 


Core matrix driver Employing Amplifiers 
Zunzi YAMATO and Yasunobu SUZUKI 
Kenkyda Zituy6ka Hokoku (Electr. Comm. Labor. Techn. Journ.), NTT, 9, 5, p. 537-564, 1961 


A high frequency magnetic amplifier with high efficiency. high S/N, and high output power was designed to 
derive a large scale memory matrix in a parametron device. 


U.D.C. 621.385.635 


Matching between Traveling-Wave Tube Helix and Waveguide 
Tomoyuki UNOTORO 
Kenkya Zituyéka Hékoku (Electr. Comm. Labor. Techn. Journ.), NTT, 9, 6, p. 639-648, 1960 
Matching cireuit between helix and waveguide has been investigated by a statistical analysis of the orthogonal array 


layout of. experiments. Relations between impedance of the circuit and dimensions of this structure have also been 
observed. Fhe final design.has 20% bandwidth at 11 kMc. 


U.D.C.  621.385.64.001 


On the Energy Build-up in Magnetrons 
Daijiro KOBAYASHI 
Kenkya Zituy6ka Hékoku (Electr. Comm. Labor. Techn. Journ.), NTT, 9, 5, p. 649-652, 1960 


The previously published “A new analysis of magnetrons’” has been extended to the energy build-up in magnet- 
rons. The variation of PPM noise of magnetrons.as a function of load conditions is made clear by the use of this 
theory. 


U.D.C. 621.395.623.001 


The Design of a New Telephone Receiver 
Kenro MASUZAWA and Kiyoshi TAJIMA 
Kenkya Zituydka Hokoku (Electr. Comm. Labor. Techn. Journ.), NTT, 9, 5, p. 447-474, 1960 


Design expressions for the response of a telephone receiver were formulated, many interesting characteristics in 
practical structures were experimentally obtained, and the results obtained were applied to the design of a new 
telephone receiver. 


U.D.C. 621.395.636.1-56.001.4 


Design of a Governor for Telephone Dials 


Tetsuo KUDO 
Kenkya Zituy6ka Hokoku (Electr. Comm. Labor. Techn. Journ.), NTT, 9, 5, p. 497-536, 1960 


A method of designing telephone-dial fly-bar type governers which have good vegulation and long life is dis- 
cussed, Determination of the position of the friction piece is very important. 
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U.D.C. 621.359.66 : 621.314.21 : 538.551 


Telephone Circuit Employing a 3-Core Transformer 


Hiroyasu MIURA 
Kenkya Zituydka Hékoku (Electr. Comm. Labor. Techn. Journ.), NTT, 9, 5, p. 475-495, 1960 


A telephone circuit using a 3-core transformer which combines the merits of a bridge and those of a booster is 


described. 


U.D.C. 621.397.8.001.5 


Dielectric-Coated Waveguide Fabrication and Characteristics 
Ken-ichi NODA and Kazuo YAMAGUCHI 
Kenkyta Zituy6ka Hékoku (Electr. Comm. Labor. Techn. Journ.), NTT, 9, 6 p. 621-638, 1960 


Several methods of fabricating dielectric-coated waveguide are considered. and the characteristics obtained are 
theoretically and experimentally investigated. A low loss bond results when polyethylene tube is bonded to the inner 
surface of a waveguide. 
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U.D.C. 261.395.34.004.5.001.2 


A Theory of Maintenance of Automatic Telephone Exchanges 
Toshimichti AMANO 
Journ. Inst. Electr. Comm. Engr. Jap., 43, 6, p. 685-691, June 1960 


In this paper, a general method of evaluating the effect of faults in automatic exchanges is presented and proba 
bility of calls encountering faults is calculated. 


U.D.C. 537.312.6-72 : 546.682’86 


The Change in Electron Mobility in Indium Antimonide at Low Electric Field 
Yasuo KANAI 


Journ. Phys. Soc. Jap., 15, 5,. p. 830-835, May 1960 


The change in-electron mobility in indium antimonide at low electric field was measured by the bridge method 


Ale TMG ay and 297°K. The effect of transverse magnetic field upon the change in electron mobility was also 
measured. 


U.D.C. 537.56 : 537.52 


Non-linear Effects on Electron-Plasma Oscillations 
Masao SUMI 


Journ. Phys. Soc. Jap., 15, 6, p. 1086-1093, June 1960 


Non-linear effects in the excitation of electron-plasma oscillations are investigated by considering a non-linear term 
in the Boltzmann equation as a perturbation. Behaviors of higher harmonics and the saturation limit are discussed 
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UDC; 621.375.9: 621.372.632 


Lower Side Band Frequency Converter Type Parametric Amplifier 
Toru OKAJIMA and Manyang CHUNG 


Journ. Inst. Electr. Comm. Engr. jap., 48, 6, p, 691-694, June 1960 


Results of experiments on a lower side band frequency converter type parametric amplifier are described. The 
input frequency is 900 Mc/s. the output frequency (the so-called idling frequency) is 6000Mc/s, and the pump 
frequency is 6900 Mc/s. The characteristics of the amplifier are: 


@ the noise figure is 1.5 to 2.1 dB, @) the amplification gain is 14dB for 15 Mc bandwidth (1 dB down). 


U.D.C. 621.396.62 : 621.391.883.22 


New Method of Measuring the Noise Figure of the First Stage of a Receiver 
Toru OKAZIMA 


Journ. Inst. Electr. Engr. Soc. Jap., 43, 6, p. 695-698, June 1960 


A new method to accurately estimate the value of the first stage noise figure in the over-all receiver noise figure 
is proposed. 


An equivalent circuit to show the principle of this measuring method is illustrated. Y-factor is proportional to the 
ratio of the output noise power at the switch positions. 


U.D.C. 678.742.012 : 536.41.08 +-541.64 


Re-appreciation of the Second Order Transition Phenomena in Polyethylene 
Ryuichi NAKANE 


Journ. Phys. Soc. Jap., 15, 6 p. 1040-1048, 1960 


Among the phenomena which were hitherto treated as the second order transition of polyethylene there exist at 


least two different phenomena; the end point of the crystallinity change at —30°C, and the true second order trans- 
ition at —55°C. 
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